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I. INTRODUCTION 
H i g g i n s  Lake h a s  l o n g  been n o t e d  f o r  i ts  e x t r e m e l y  h i g h  
wa te r  q u a l i t y ,  and is  p r e s e n t l y  r ega rded  a s  one  of  t h e  c l e a n e s t  
l a k e s  i n  Michigan.  R e c e n t l y ,  however,  p r o p e r t y  owners  and l a k e  
a s s o c i a t i o n  members have  r e p o r t e d  d e c r e a s e s  i n  water c l a r i t y ,  t h e  
a p p e a r a n c e  of  l a k e  bot tom bands of  d e t r i t u s ,  and a l s o  a v e r y  
n o t i c e a b l e  i n c r e a s e  i n  a l g a l  growth n e a r  t h e  s h o r e l i n e .  These  
a r e  a l l  s i g n s  of  c u l t u r a l  e u t r o p h i c a t i o n ,  a n  i n c r e a s e  i n  l a k e  
p r o d u c t i v i t y ,  o f t e n  t o  u n d e s i r a b l e  l e v e l s ,  s t i m u l a t e d  by 
i n c r e a s e s  i n  n u t r i e n t s  s u p p l i e d  t o  t h e  l a k e .  L i m n o l o g i s t s  u s e  
t h e  t e r m s  " ~ l i ~ o t r o p h i c " ,  "mesot rophic"  and " e u t r o p h i c "  t o  
rough ly  d e s c r i b e  s t a g e s  i n  t h e  e u t r o p h i c a t i o n  p r o c e s s .  
O l i g o t r o p h i c  l a k e s  t e n d  t o  be  c l e a r ,  r e l a t i v e l y  deep  l a k e s  with 
low b i o l o g i c a l  p r o d u c t i o n  and h i g h  d i s s o l v e d  oxygen 
c o n c e n t r a t i o n s  t h r o u g h o u t  t h e  y e a r .  E u t r o p h i c  l a k e s  i n  c o n t r a s t  
a r e  t u r b i d  water b o d i e s  w i t h  h i g h  b i o l o g i c a l  p r o d u c t i v i t y  and  low 
d i s s o l v e d  oxygen l e v e l s  i n  t h e  deepe r  water d u r i n g  t h e r ~ a l  
s t r a t i f i c a t i o n .  Meso t roph ic  l a k e s  show i n t e r m e d i a t e  
c h a r a c t e r i s t i c s  between o l i g o t r o p h y  and e u t r o p h y ,  and  o f t e n  have  
p r o d u c t i v e  warmwater f i s h e : . i e s  (NEMCOG, 1979) .  
A growing conce rn  t h a t  H igg ins  Lake may b e  e x p e r i e n c i n g  
e u t r o p h i c a t i o n ,  t h e r e b y  d e c r e a s i n g  t h e  l a k e  ' s economic and 
r e c r e a t i o n a l  v a l u e ,  prompted t h e  Township Boards  of  Lyon and 
G e r r i s h  Townships t o  c o n t a c t  t h e  U n i v e r s i t y  of  Michigan 
B i o l o g i c a l  S t a t i o n  t o  i n i t i a t e  a  comprehens ive  w a t e r  q u a l i t y  
s u r v e y  of H i g g i n s  Lake. I n  J a n u a r y  o f  1983,  D r .  G .  W i n f i e l d  
F a i r c h i l d ,  a t  t h a t  time P r o f e s s o r  of  Linnology a t  t h e  S t a t i o n ,  
began work on t h e  p r o j e c t  w i t h  t h e  h i r i n g  of  R icha rd  S c h u l t z ,  a  
g r a d u a t e  s t u d e n t  i n  a q u a t i c  b io logy  a t  C e n t r a l  Michigan 
U n i v e r s i t y ,  a s  p r o j e c t  c o o r d i n a t o r .  
A l a r g e  p o r t i o n  o f  t h i s  r e p o r t  a d d r e s s e s  t h e  p h y s i c a l ,  
c h e m i c a l ,  and b i o l o g i c a l  c o n d i t i o n s  which c h a r a c t e r i z e  t h e  
p r e s e n t  t r o p h i c  s tate  o f  H igg ins  Lake ( S e c t i o n s  IV-VI). The d a t a  
a r e  i n t e n d e d  a s  a  b a s e l i n e  f o r  f u t u r e  s t u d i e s ,  and have  a l s o  been 
compared w i t h  p r e v i o u s l y  c o l l e c t e d  i n f o r m a t i o n  i n  o r d e r  t o  
examine changes  i n  water q u a l i t y  d u r i n g  t h e  p a s t  decade .  
Phosphorus  i s  t h e n  i d e n t i f i e d  a s  a major  l i m i t i n g  n u t r i e n t  i n  t h e  
l a k e ,  and a n  inpu t -ou tpu t  n u t r i e n t  budget  model f o r  phosphorus is 
summarized ( S e c t i o n s  VII -VII I ) .  A major conce rn  of  t h e  r e s e a r c h  
h a s  been  t h e  impact  o f  human r e c r e a t i o n  and development i n  
s u p p l y i n g  n u t r i e n t s  t o  n e a r s h o r e  a r e a s  o f  t h e  l a k e ,  and wa te r  
q u a l i t y  i s  d e s c r i b e d  f o r  18 sites a l o n g  t h e  l a k e s h o r e  ( S e c t i o n s  
I X - X ) .  F i n a l l y ,  g e n e r a l  recommendations a r e  made f o r  f u r t h e r  
long  term s t u d y  and water q u a l i t y  management ( S e c t i o n  X I ) .  Major 
r e s u l t s  o f  t h e  s t u d y  a r e  b r i e f l y  summarized i n  S e c t i o n  11. 
11. SUMMARY 
Higg ins  Lake remains  a n  o l i g o t r o p h i c  l a k e  of  h igh  wa te r  
q u a l i t y .  Both deep b a s i n s  s t u d i e s  have  h i g h  year-round d i s s o l v e d  
oxygen c o n c e n t r a t i o n s  th roughou t  t h e  wa te r  column, deep  l i g h t  
p e n e t r a t i o n ,  and low n u t r i e n t  and c h l o r o p h y l l - a  c o n c e n t r a t i o n s .  
The p l ank ton  community a l s o  c o n t a i n s  b i o l o g i c a l  i n d i c a t o r  
s p e c i e s ,  such  a s  t h e  c a l a n o i d  copepod S e n e c e l l a  c a l a n o i d e s ,  which 
a r e  i n d i c a t i v e  of  o l i g o t r o p h y .  
The North Bas in  of  H igg ins  Lake h a s  s l i g h t l y  h i g h e r  wa te r  
q u a l i t y  t h a n  t h e  South  B a s i n ,  which,  because  o f  i t s  morphometry 
and l o c a t i o n ,  may be p a r t i c u l a r l y  s e n s i t i v e  t o  e u t r o p h i c a t i o n  i n  
t h e  f u t u r e .  A n a l y s i s  o f  n i t r o g e n :  phosphorus r a t i o s  i n d i c a t e s  
t h a t  bo th  b a s i n s  a r e  phosphorus- l imi ted  d u r i n g  mid-summer. 
I n  c o n t r a s t  t o  t h e  deep b a s i n s ,  n e a r s h o r e  a r e a s  of  H i g g i n s  
Lake have c o n s i s t e n t l y  h i g h  c o n c e n t r a t i o n s  of  phosphorus ,  and 
heavy accumula t ions  o f  bo th  marl and t h e  f i l a m e n t o u s  g r e e n  a l g a  
Cladophora g lomera t a  a t  many l o c a t i o n s .  I n o r g a n i c  n i t r o g e n  
( e s p e c i a l l y  n i t r a t e )  i s  d e p l e t e d  t o  p o t e n t i a l l y  l i m i t i n g  l e v e l s .  
An i n  s i t u  b i o s t i m u l a t i o n  expe r imen t ,  conducted  a t  one  o f  t h e  18 
n e a r s h o r e  sampl ing  l o c a t i o n s ,  p r o v i d e s  c o n f i r m a t i o n  t h a t  t h e  
growth o f  a l g a l  p e r i p h y t o n  n e a r s h o r e  is  n i t r o g e n - l i m i t e d  by mid- 
summer, a p p a r e n t l y  owing t o  h i g h  phosphorus  l o a d i n g ,  
It i s  s u g g e s t e d  t h a t  water q u a l i t y  b e  managed by r e d u c i n g  
human s o u r c e s  of phosphorus ,  p a r t i c u l a r l y  from r i p a r i a n  
l a n d ,  and t h a t  f u r t h e r  development o f  t h e  H i g g i n s  Lake wa te r shed  
be  c o n s i d e r e d  c a r e f u l l y  w i t h  r e g a r d  t o  i t s  impact  upon n u t r i e n t  
l o a d i n g  t o  t h e  l a k e .  
111. HISTORICAL OVERVIEW 
P r i o r  t o  t h e  i n i t i a t i o n  o f  t h i s  s t u d y ,  a  l i t e r a t u r e  s e a r c h  
was conducted  o f  work done p r e v i o u s l y  on Higg ins  Lake. The 
f o l l o w i n g  s t u d i e s  p r o v i d e  a b a s i s  f o r  t h e  p r e s e n t  r e s e a r c h .  
Bosserman (1969) comple ted  an  i n v e n t o r y  of  p r e s e n t  l a n d  u s e  
i n  t h e  H i g g i n s  Lake B a s i n  and examined t h e  e f f e c t s  o f  t h e s e  u s e s  
on t h e  q u a l i t y  of t h e  l a k e  wa te r .  He walked t h e  s h o r e l i n e ,  
t a k i n g  n o t e  of  a l l  i n f l o w i n g  and o u t f l o w i n g  s u r f a c e  w a t e r s ,  and 
compi led  b a s i c  morphometr ic ,  b i o l o g i c a l ,  and chemica l  i n f o r m a t i o n  
f o r  t h e  l a k e .  From t h e s e  d a t a ,  Bosserman concluded t h a t  t h e r e  
were f o u r  b a s i c  s o u r c e s  o f  p o l l u t i o n  t o  Higg ins  Lake: (1) d r a i n s  
and o u t f a l l s ,  ( 2 )  ice-caused  e r o s i o n ,  (3) e r o s i o n  caused  by wave 
a c t i o n ,  and ( 4 )  e r o s i o n  caused  by r o a d  ends .  He s u g g e s t e d  a 
number o f  management measu res ,  i n c l u d i n g  t h e  u s e  o f  j e t t ies ,  
r e v e t m e n t s ,  and  sea walls t o  p r o t e c t  a g a i n s t  e r o s i o n  from wind 
and ice and a l s o  t h e  u s e  o f  v e g e t a t i v e  cove r  t o  d e a l  w i t h  
problems o f  d r a i n a g e  and r o a d  end e r o s i o n .  
Dur ing  1971,  t h e  S t u d e n t  Water P u b l i c a t i o n s  Club of  Michigan 
S t a t e  U n i v e r s i t y  conduc ted  a s u r v e y  of  H igg ins  Lake d e a l i n g  w i t h  
two i s s u e s  o f  impor t ance  t o  w a t e r  q u a l i t y .  T h e i r  r e p o r t  
d i s c u s s e d  t h e  d r a i n a g e  of  B a t t i n  Swamp, from which l a r g e  amounts 
o f  t a n n i n s  e n t e r  t h e  l a k e  n e a r  P o i n t  Comfort .  A number of  
a t t e m p t s  were made t o  f i l l  i n  t h e  d r a i n ,  i n  p a r t  because  of  t h e  
f e a r  t h a t  n u t r i e n t s  were b e i n g  added t o  t h e  l a k e  w i t h  t h e  
t a n n i n s .  It was f i n a l l y  d e c i d e d  t h a t  t h e  County Road Commission 
had t h e  l e g a l  r i g h t  t o  m a i n t a i n  t h e  d r a i n  as a means of  
r e g u l a t i n g  w a t e r  l e v e l s  i n  t h e  swamp. 
A second conce rn  a d d r e s s e d  by t h e  s t u d y  was t h e  o v e r u s e  of 
t h e  two S t a t e  P a r k s  on Higgins  Lake. A s e r i e s  of i n t e r v i e w s  wi th  
park  employees r e v e a l e d  t h a t  t h e  p a r k s  were f r e q u e n t l y  f i l l e d  t o  
c a p a c i t y  and t h a t  t h i s  ove ruse  might l e a d  t o  ove r load ing  of t h e  
p a r k s '  lagoon sewage sys tems,  the reby  caus ing  i n c r e a s e d  sewage 
i n f i l t r a t i o n  i n t o  groundwater f e e d i n g  i n t o  t h e  l a k e .  A s  a  means 
of combat t ing  t h i s  problem, it was sugges ted  t h a t  t h e  p a r k s  
restr ict  t h e  number of s i t e s  a v a i l a b l e  on a  p a r t i c u l a r  day. 
The S tuden t  Water P u b l i c a t i o n s  Club of Michigan S t a t e  
U n i v e r s i t y  w a s  c o n t a c t e d  by t h e  Higgins  Lake B o a r d - i n  e a r l y  1972 
and r e q u e s t e d  t o  c o l l e c t  wa te r  samples from a  series of r i p a r i a n  
w e l l s ,  from w i t h i n  t h e  l a k e  i t s e l f ,  and from a s s o c i a t e d  s t r e a m s  
t o  de te rmine  b a c t e r i a l  d e n s i t i e s  and n u t r i e n t  c o n c e n t r a t i o n s .  Of 
t h e  20 wells t e s t e d ,  two were p o s i t i v e  of  c o l i f o r m  b a c t e r i a .  
S e v e r a l  a r e a s  of t h e  l a k e  and a  number of  s u r f a c e  i n f l o w s  a l s o  
showed p o s i t i v e  tests f o r  b a c t e r i a ,  i n d i c a t i n g  t h a t  sewage from 
s e p t i c  t a n k s  may be l e a k i n g  i n t o  t h e  l a k e .  
The Michigan Department of  Na tu ra l  Resources  ( E l l i s  & 
C h i l d s ,  1973) h a s  i n v e s t i g a t e d  n u t r i e n t  movements from s e p t i c  
t a n k s  and lawn f e r t i l i z a t i o n  t o  nearby Houghton Lake. The 
o b j e c t i v e s  of  t h i s  s t u d y  were two-fold: (1) t o  de te rmine  i f  
n u t r i e n t s  (phosphorus and n i t r a t e s )  were moving wi th  t h e  
groundwater t o  Houghton Lake from s e p t i c  t a n k  sys tems and ( 2 )  t o  
de te rmine  t h e  e f f e c t s  of lawn f e r t i l i z a t i o n  on t h e  c o n c e n t r a t i o n  
of phosphorus i n  ove r l and  r u n o f f .  
I n  de te rmin ing  n u t r i e n t  movement from s e p t i c  t a n k s ,  38 tes t  
wells were d r i l l e d  t o  a  dep th  of 22-24 f e e t  below t h e  water 
t a b l e .  N u t r i e n t  c o n c e n t r a t i o n s  i n  a l l  wells were t h e n  moni tored .  
The s t u d y  conc luded  t h a t :  ( 1 )  p h o s p h a t e s  and n i t r a t e s  from 
househo ld  s e p t i c  t a n k s  m i g r a t e d  th rough  t h e  groundwater  and 
e v e n t u a l l y  r e a c h e d  Houghton Lake,  and ( 2 )  t h e  movement of  
n u t r i e n t s  w i t h  t h e  groundwater  was t r a c e a b l e  f o r  d i s t a n c e s  
exceed ing  one  hundred  f e e t  a t  s e v e r a l  s i t e s .  
The d a t a  f o r  lawn f e r t i l i z a t i o n  were d e r i v e d  by u s e  of  a 
q u e s t i o n n a i r e  and th rough  p e r s o n a l  i n t e r v i e w s .  From t h e s e  d a t a ,  
it was a p p a r e n t  t h a t  a b o u t  one-hal f  of  t h e  s i t e s  s t u d i e d  had been 
o v e r - f e r t i l i z e d .  It was recommended t h a t  no phosphorus  
f e r t i l i z e r  be  a p p l i e d  t o  lawns  s u r r o u n d i n g  t h e  l a k e  w i t h o u t  p r i o r  
s o i l  t e s t i n g  t o  v e r i f y  t h e  need .  
I n  r e s p o n s e  t o  a c c e l e r a t e d  s h o r e l i n e  development ,  t h e  Lyon, 
Markey, G e r r i s h ,  and Beaver Creek  Township Boards  c o n t r a c t e d  t h e  
P r o g r e s s i v e  E n g i n e e r i n g  Company t o  i n i t i a t e  an  e n g i n e e r i n g  s t u d y  
r e g a r d i n g  h a z a r d s  a s s o c i a t e d  w i t h  was t ewa te r  d i s c h a r g e  w i t h i n  t h e  
community. The f i r m  developed a F a c i l i t i e s  P l a n  i n  1976 t o  
d e t e r m i n e  t h e  most  c o s t - e f f e c t i v e  method f o r  upgrad ing  e x i s t i n g  
was t ewa te r  t r e a t m e n t  f a c i l i t i e s .  I n  c o n j u n c t i o n  w i t h  t h e  
development  o f  t h i s  p l a n ,  a s e r i e s  o f  s t u d i e s  were conducted  i n  
t h e  l a k e  a r e a  t o  d e t e r m i n e  s o i l  t y p e s ,  d e p t h s  t o  t h e  w a t e r  t a b l e ,  
and  t h e  phosphorus  a d s o r p t i o n  c a p a c i t y  o f  t h e  s o i l s .  The 
F a c i l i t i e s  P l a n  conc luded  t h a t :  ( 1 )  due p r i m a r i l y  t o  e i t h e r  h i g h  
w a t e r  t a b l e s  o r  t h e  d e n s i t y  o f  development ,  some areas a d j a c e n t  
t o  H i g g i n s  Lake d i d  n o t  r e c e i v e  a d e q u a t e  sewage t r e a t m e n t  from 
o n - s i t e  t r e a t m e n t  s y s t e m s ,  and ( 2 )  u n l e s s  c o r r e c t i v e  measures  
( e .g . ,  i n s t a l l a t i o n  o f  p u b l i c  s a n i t a r y  sewer s y s t e m s )  were 
implemented ,  p u b l i c  h e a l t h  h a z a r d s  would c o n t i n u e ,  and a  g r a d u a l  
d e g r a d a t i o n  o f  t h e  q u a l i t y  o f  nea rby  s u r f a c e  and groundwater  
r e s o u r c e s  cou ld  be expec ted .  
The Na t iona l  E u t r o p h i c a t i o n  Survey r e l e a s e d  a  water  q u a l i t y  
a n a l y s i s  of Higgins  Lake (U.S. EPA, 1975) ,  emphasizing 
l i m n o l o g i c a l  measurements of  t h e  deep b a s i n s .  The f o l l o w i n g  
c o n c l u s i o n s  were reached:  ( 1 )  Higg ins  Lake was an  o l i g o t r o p h i c  
l a k e  w i t h  low mean l e v e l s  of d i s s o l v e d  and t o t a l  phosphorus,  
i n o r g a n i c  n i t r o g e n ,  ch lo rophy l l - a ,  and a high S e c c h i  d i s k  
t r a n s p a r e n c y ,  ( 2 )  phosphorus l i m i t a t i o n  t o  a l g a l  growth occur red  
i n  September,  whereas s l i g h t  n i t r o g e n  l i m i t a t i o n  occur red  i n  June  
and November, and ( 3 )  s e p t i c  t a n k s  c o n t r i b u t e d  roughly  28% of t h e  
t o t a l  phosphorus l o a d ,  wi th  72% coming from o t h e r  non-point 
s o u r c e s  ( e . g . ,  r u n o f f ,  p r e c i p i t a t i o n ) .  The s t u d y  concluded t h a t ,  
a l though  t h e  p r e s e n t  phosphorus l o a d i n g  was q u i t e  low, eve ry  
e f f o r t  should  be made t o  r educe  a l l  phosphorus i n p u t s  t o  e n s u r e  
con t inued  high wa te r  q u a l i t y .  
F i n a l l y ,  Dr. Kenneth Reckhow (1980,  1983)  developed a  
n u t r i e n t  budget model f o r  p r e d i c t i n g  l a k e  phosphorus 
c o n c e n t r a t i o n s  from known p h y s i c a l  d a t a  and used Higgins  Lake a s  
an  example f o r  t h i s  method. Reckhow p r e d i c t e d  t h a t  Higg ins  Lake 
shou ld  have a  low phosphorus c o n c e n t r a t i o n ,  and c a t e g o r i z e d  t h e  
l a k e  a s  be ing  o l i g o t r o p h i c .  
IX. PHYSICAL FEATURES OF THE LAKE AND ITS WATERSHED 
H i g g i n s  Lake i s  l o c a t e d  i n  Crawford and Roscommon C o u n t i e s  
(T24-25N, R3-4W) i n  t h e  n o r t h  c e n t r a l  p o r t i o n  of n o r t h e r n  lower 
Michigan ( F i g .  I ) ,  f i v e  miles west o f  t h e  v i l l a g e  Roscommon. The 
l a k e  is  a d e e p ,  c o l d w a t e r  l a k e  of  P l e i s t o c e n e  g l a c i a l  i c e  b lock  
o r i g i n  u n d e r l a i n  by M i s s i s s i p p i a n  P e r i o d  bedrock (Dorr  & 
Eschmann, 1970) .  Lakes of  t h i s  n a t u r e  a r e  formed as a r e s u l t  of 
m e l t i n g  ice  b l o c k s  l e f t  behind  i n  a n  a r e a  scoured  o u t  by t h e  
g l a c i e r  as  i t  r e t r e a t e d  (Goldman & Horne, 1983) .  
P i g g i n s  Lake h a s  a  maximum l e n g t h  of  6 .33  m i l e s ,  a  b r e a d t h  
of  3.30 miles, a  mean dep th  of  44 .3  f t ,  and a  maximum dep th  of  
136.2 f t .  The l a k e ' s  s u r f a c e  area of 10 ,317  a c r e s  r a n k s  t e n t h  i n  
s i z e  among Mich igan ' s  l a k e s  and i s  l a r g e  r e l a t i v e  t o  i ts  
wa te r shed  a r e a  o f  21 ,653 a c r e s  ( T a b l e  1 ) .  
About one - th i rd  o f  H i g g i n s  Lake is  s h o a l  (0-20 f t )  and a b o u t  
one-half  o f  t h e  l a k e  h a s  d e p t h s  exceed ing  50 f t  ( F i g .  2 ) .  F i g u r e  
3, a  hypsograph ic  o r  depth-area  c u r v e ,  i s  a  g r a p h i c  
r e p r e s e n t a t i o n  o f  t h e  r e l a t i o n s h i p  between t h e  l a k e ' s  s u r f a c e  
10 3  
a r e a  and i t s  d e p t h .  The volume o f  H i g g i n s  Lake is  1 .99  X 1 0  f t  
8 3 
(5.64 X 1 0  rn ) and t h e  l a k e ' s  volume development f a c t o r  ( D  ) is 
v 
0.97. Lakes  w i t h  D v a l u e s  g r e a t e r  t h a n  1 .0  are t y p i c a l l y  s t e e p  
v  
s i d e d  and p o s s e s s  l a r g e  wa te r  volumes r e l a t i v e  t o  t h e i r  s u r f a c e  
a r e a .  Examples a r e  B u r t  Lake (D = 1 .6 )  and  Black  Lake ( D  = 1.5)  
v  v  
( T a b l e  2)  (Gannon & Paddock,  1974) .  Lakes w i t h  D v a l u e s  l e s s  
v  
t h a n  1 . 0  f r e q u e n t l y  have  e x t e n s i v e  s h o a l  a r e a s ,  and l e s s  w a t e r  
volume r e l a t i v e  t o  o t h e r  l a k e s  of  similar s u r f a c e  a r e a  and dep th .  
Examples a r e  Crooked Lake (D = 0 .5 )  and P i c k e r e l  Lake (D =0.5) .  
v  v  
G e n e r a l l y ,  t h e  g r e a t e r  t h e  D o f  a l a k e ,  t h e  more r e s i s t a n t  i t  is 
V 
t o  e u t r o p h i c a t i o n  from i n c r e a s e d  n u t r i e n t  l o a d i n g .  
The Higgins  Lake s h o r e l i n e  measures 20.49 m i l e s ,  and h a s  a  
s h o r e l i n e  development f a c t o r  (D ) of 1 .44.  The s h o r e l i n e  
L 
development f a c t o r  p r o v i d e s  an  index  of t h e  r e l a t i v e  p o t e n t i a l  
f o r  i n p u t s  t o  t h e  l a k e  from p o i n t s  a long  t h e  s h o r e l i n e .  Lakes 
w i t h  h igh  D v a l u e s  have e x t e n s i v e  s h o r e l i n e s  f o r  t h e i r  s i z e ,  and 
L  
a r e  o f t e n  s u b j e c t  t o  r a p i d  e u t r o p h i c a t i o n  because  of t h e  
consequent o p p o r t u n i t y  f o r  n u t r i e n t  i n p u t s  from r i p a r i a n  
development. Examples of  h igh D va.lues a r e  s e e n  i n  Lake 
L  
Char levo ix  (D = 3 . 1 ,  Crooked Lake (D = 3.0)  and Walloon Lake 
L  L 
( D  =3.0) (Gannon & Paddock, 1974) .  
T 
L 
Higgins  Lake h a s  o n l y  two major s u r f a c e  i n p u t s ,  Big Creek 
and L i t t l e  Creek. The l a k e  empt ie s  i n t o  Houghton Lake through 
t h e  Cut River  and h a s  a  f l u s h i n g  r a t e  of  9.8% of t h e  l a k e ' s  
volume p e r  yea r .  
The watershed a r e a  of Higgins  Lake i s  s i t u a t e d  i n  t h e  
c e n t r a l  h igh land  r e g i o n  of t h e  Lower P e n i n s u l a  on t h e  s u r f a c e  
d i v i d e  between Lake Michigan and Lake Huron d r a i n a g e  b a s i n s .  
Landscape f e a t u r e s  o f  t h e  a r e a  a r e  i n t e r m o r a i n i c  and probably  
o r i g i n a t e d  some 11 ,000  y e a r s  ago. The h i l l s  n e a r  t h e  n o r t h  and 
s o u t h  s h o r e  a r e  marg ina l  moraines ,  d e p o s i t s  from t h e  edge of a  
r e t r e a t i n g  g l a c i e r .  Most of  t h e  Higgins  Lake watershed i s  
t o p o g r a p h i c a l l y  f l a t ,  and r e p r e s e n t s  a  g l a c i a l  outwash p l a i n .  
E l e v a t i o n s  w i t h i n  t h e  watershed vary  from 1154 t o  1300 f e e t  above 
s e a  l e v e l  (Fig .  4: a f t e r  U.S.G.S., 1963) .  The s h o r e l i n e  i s  
g e n e r a l l y  surrounded by uplands .  Large we t l ands  e x i s t  n e a r  t h e  
Cut R ive r ,  i n  B a t t i n  Marsh, and i n  p o r t i o n s  of  t h e  watershed 
d r a i n e d  by Big  and L i t t l e  Creeks .  Groundwater f l o w  is  i n f l u e n c e d  
by t h e  m a r g i n a l  mora ines  and g e n e r a l l y  f o l l o w s  t h e  s u r f a c e  
c o n t o u r s  ( F i g .  5 :  a f t e r  Mich. Water Resources  Commission, 1974) .  
The s o i l s  i n  t h e  Higg ins  Lake a r e a  a r e  p r i m a r i l y  g l a c i a l  
till, a m i x t u r e  of g r a v e l ,  s a n d ,  and c l a y s ,  S o i l  p e r m e a b i l i t y  is  
g e n e r a l l y  h igh .  Although f i v e  s o i l  series a r e  found i n  t h e  
w a t e r s h e d ,  t h r e e  predominate  and a r e  d i s c u s s e d  h e r e  ( F i g .  6 : a f t e r  
USDA, 1924,  1927) .  The s o i l  t y p e  immedia te ly  a d j a c e n t  t o  much o f  
t h e  s h o r e l i n e  i s  of t h e  Grayling-Rubicon s e r i e s .  S o i l s  of  t h i s  
t y p e  e x h i b i t  a s l o p e  o f  0-6%, r a p i d  s o i l  p e r m e a b i l i t y  (6-20 
i n / h r )  and h i g h  phosphorus  a d s o r p t i o n  c a p a c i t y .  
A second  major  s o i l  t y p e  i n  t h e  wa te r shed  i s  t h e  Grayl ing-  
Montcalm s e r i e s .  The s l o p e  a s s o c i a t e d  w i t h  t h i s  s o i l  t y p e  i s  6- 
25%, i n d i c a t i n g  o f t e n  c o n s i d e r a b l e  r e l i e f  and h i g h  e r o s i o n  
p o t e n t i a l .  T h i s  series a l s o  h a s  h i g h  p e r m e a b i l i t y  (6-20 i n / h r ) ,  
b u t  lower  phosphorus  a d s o r p t i o n  c a p a c i t y .  
The Carbondale-Roscommon series e x h i b i t s  a  s l o p e  o f  0-2% and 
i s  o f t e n  found i n  swamps and lowlands .  The s o i l s  a r e  h i g h l y  
o r g a n i c  and have  a h i g h  m o i s t u r e  h o l d i n g  c a p a c i t y .  The 
s o i l s  have modera t e ly  h i g h  p e r m e a b i l i t y  (2-6 i n / h r )  and a h i g h  
phosphorus  a d s o r p t i o n  c a p a c i t y .  
C o n i f e r o u s  and dec iduous  f o r e s t s  compr ise  95.3% of t h e  
wa te r shed  ( F i g .  7 : a f t e r  Michigan DNR, 1970) .  R e s i d e n t i a l  a r e a s ,  
which make up 4.4% of t h e  t o t a l  wa te r shed ,  a r e  c h i e f l y  c l u s t e r e d  
a l o n g  t h e  l a k e s h o r e .  A l l  u n i t s  a r e  p r e s e n t l y  s e r v i c e d  by s e p t i c  
sys t ems .  A g r i c u l t u r e  a c c o u n t s  f o r  on ly  0.20% of t h e  wa te r shed  
and c o n s i s t s  c h i e f l y  o f  p a s t u r e l a n d .  
V. LIMNOLOGY OF THE NORTH AND SOUTH BASINS 
METHODS 
P h y s i c a l ,  chemica l  and b i o l o g i c a l  measurements were t a k e n  a t  
two deepwater  s t a t i o n s ,  termed t h e  North and South  b a s i n s  ( F i g .  
8 )  on March 3  and J u l y  1 9 ,  1983.  
Tempera ture  and d i s s o l v e d  oxygen p r o f i l e s  were o b t a i n e d  
u s i n g  a  YSI Model 51B d i s s o l v e d  oxygen probe  and t h e r m i s t o r  a t  5 
rn i n t e r v a l s  d u r i n g  t h e  March sampl ing  and a t  1 m i n t e r v a l s  d u r i n g  
t h e  J u l y  sampl ing .  P e r c e n t  s a t u r a t i o n  of  d i s s o l v e d  oxygen was 
de termined by nomagraph. L i g h t  t r a n s p a r e n c y  was de t e rmined  w i t h  
a  s t a n d a r d  S e c c h i  d i s k .  L i g h t  p e n e t r a t i o n  was f u r t h e r  q u a n t i f i e d  
u s i n g  a  LiCor submar ine  photometer  f i t t e d  w i t h  Weston c e l l s  and 
c o l o r  f i l t e r s  d u r i n g  t h e  J u l y  sampl ing .  
Water s amples  were o b t a i n e d  w i t h  a 3 l i t e r  Kemmerer b o t t l e .  
Hardness  was de te rmined  by t i t r a t i o n  (APHA, 1976) .  C o n d u c t i v i t y  
was measured on a n  I n d u s t r i a l  I n s t r u m e n t s  Model RC-16B2 
C o n d u c t i v i t y  Br idge .  C o n d u c t i v i t y  r e c o r d i n g s  were c o r r e c t e d  t o  
0 
umhos/cm a t  25 . 
T o t a l  a l k a l i n i t y  was measured by t i t r a t i o n  w i t h  a  mixed 
i n d i c a t o r  s o l u t i o n  of  bromcresol-green methyl-red (APHA, 1975) .  
D e t e r m i n a t i o n s  o f  pH were made u s i n g  a Beckman S e l e c t m e t e r .  F r e e  
ca rbon  d i o x i d e  was de termined by nomagraph from t h e  pH and 
a l k a l i n i t y  measurements. Ammonia, n i t r a t e / n i t r i t e ,  t o t a l  
n i t r o g e n ,  o r t h o p h o s p h a t e ,  t o t a l  phosphorus ,  s i l i ca ,  and c h l o r i d e  
were de te rmined  calorimetrically on a Technicon Dual Channel  
Au toana lyze r  (APHA, 1976) .  
P l ank ton  samples  were o b t a i n e d  d u r i n g  t h e  J u l y  sampl ing  by 
bottom-to-surface tows w i t h  a  c o n i c a l  1 / 4  m p l a n k t o n  n e t  w i t h  80  
urn nylon mesh. Phytoplankton samples were p rese rved  i n  1% 
L u g o l ' s  i o d i n e  and were examined q u a l i t a t i v e l y .  Zooplankton 
samples  were p rese rved  i n  5% b u f f e r e d  f o r m a l i n  f o r  l a t e r  
enumerat ion .  Chlorophyl l -a  v a l u e s  were determined wi th  a Turner  
Model 111 f luoromete r .  Values were c o r r e c t e d  f o r  phaeopigments 
(Holm-Hansen, 1965) .  An Ekman g r a b  (15  cm X 1 5  cm) was used t o  
c o l l e c t  bottom samples ,  which were t h e n  d r i e d  and i g n i t e d  t o  
de te rmine  % o r g a n i c  m a t t e r  u s i n g  s t a n d a r d  methods (APHA, 1976) .  
RESULTS 
L i g h t  
The measurement of  s o l a r  r a d i a t i o n  is  of fundamental  
impor tance  t o  t h e  s t u d y  of f r e s h w a t e r  ecosys tems,  because  of i ts  
energy c o n t r i b u t i o n  t o  t h e  l akewate r  and t o  p h o t o s y n t h e s i s ,  and 
because  of i t s  d i a g n o s t i c  v a l u e  i n  i n t e r p r e t i n g  l a k e  water  
q u a l i t y .  Higgins  Lake has  c l e a r ,  uns ta ined  water  t h a t  a l l o w s  
good l i g h t  p e n e t r a t i o n .  The North and South b a s i n s  had Secchi  
dep th  r e a d i n g s  of  1 2  m and 1 0  m r e s p e c t i v e l y  ( F i g .  9 a , c ) .  
Readings of  10-20 m a r e  c h a r a c t e r i s t i c  of  o l i g o t r o p h i c  l a k e s ,  
w h i l e  more p r o d u c t i v e  l a k e s  o f t e n  e x h i b i t  c o n s i d e r a b l y  less 
t r a n s p a r e n c y .  
The e u p h o t i c  zone,  t h e  p o r t i o n  o f  t h e  l a k e  where l i g h t  
i n t e n s i t y  is  s u f f i c i e n t l y  h igh  t h a t  p h o t o s y n t h e s i s  exceeds  
r e s p i r a t i o n ,  i s  u s u a l l y  cons ide red  t o  extend t o  a  dep th  where 
l i g h t  i n t e n s i t y  e q u a l s  1% of i n c i d e n t  l i g h t .  Higgins  Lake h a s  an  
e x t e n s i v e  e u p h o t i c  zone ex tend ing  t o  approx imate ly  24 m. 
T o t a l  l i g h t  i s  a t t e n u a t e d  e x p o n e n t i a l l y  i n  t h e  wa te r  column 
( F i g .  9 a , c ) .  Red l i g h t  waves a r e  absorbed r e a d i l y  by t h e  water  
i t s e l f  and r e v e a l  l i t t l e  a b o u t  water q u a l i t y .  The compara t ive ly  
deep  p e n e t r a t i o n  o f  b l u e  l i g h t  i n  bo th  b a s i n s  o f  H i g g i n s  Lake 
i n d i c a t e s  r e l a t i v e l y  l i t t l e  a l g a l  biomass i n  t h e  water column, 
and i s  t h u s  c o n s i s t e n t  w i t h  t h e  l ake ' s  o l i g o t r o p h i c  s t a t u s .  
Green l i g h t ,  n o t  used i n  p h o t o s y n t h e s i s ,  p e n e t r a t e s  s t i l l  deepe r  
t h a n  b l u e  l i g h t ,  as expec ted  ( F i g .  9 b , d ) .  
Tempera ture  and Disso lved  Oxygen 
A s  s o l a r  r a d i a t i o n  p a s s e s  downward from t h e  s u r f a c e  o f  a 
l a k e ,  much o f  i ts  ene rgy  i s  abso rbed  a s  h e a t .  Wind d r i v e n  mixing  
c a u s e s  t h e  h e a t e d  upper w a t e r s  t o  r e d i s t r i b u t e  downward. The 
r e s u l t  is  a  s igmoid  c u r v e  o f  water t e m p e r a t u r e  w i t h  d e p t h  ( F i g .  
1 0 c , d ) .  These c u r v e s  show the rma l  s t r a t i f i c a t i o n ,  w i t h  a zone o f  
d e n s e ,  c o l d  wa te r  ( t h e  hypol imnion)  benea th  a zone o f  less d e n s e ,  
warmer water ( t h e  e p i l i m n i o n ) .  S e p a r a t i n g  t h e  e p i l i m n i o n  from 
t h e  hypolimnion i s  t h e  t h e r m o c l i n e ,  a  zone i n  which water 
0 
t e m p e r a t u r e  d r o p s  more t h a n  1 C w i t h  each  me te r  i n c r e a s e  i n  
d e p t h .  
Both b a s i n s  of  H igg ins  Lake p o s s e s s  a n  e x t e n s i v e  hypol imnion 
i n  comparison t o  t h e  e p i l i m n i o n .  I n  t h e  Nor th  b a s i n ,  t h e  
e p i l i m n i o n  e x t e n d s  t o  8 m ,  and t h e  t h e r m o c l i n e  o c c u r s  between 9- 
14 m.  The South  b a s i n ' s  e p i l i m n i o n  i s  s l i g h t l y  s h a l l o w e r ,  
e x t e n d i n g  o n l y  t o  7 m ,  w h i l e  t h e  t h e r m o c l i n e  i s  l o c a t e d  between 
8-12 m. During w i n t e r ,  a s  i s  t y p i c a l  o f  l a k e s  under  ice  c o v e r ,  
bo th  b a s i n s  d i s p l a y  a  s l i g h t  i n v e r s e  t h e r n e l  s t r a t i f i c a t i o n  ( F i g .  
1 0 a , b ) .  
The re  a r e  two major  s o u r c e s  o f  oxygen t o  t h e  w a t e r  column: 
( 1 )  a tmosphe r i c  oxygen d i s s o l v e s  s l o w l y  i n t o  water a t  t h e  l a k e  
s u r f a c e ,  and ( 2 )  phy top lank ton  c o n t r i b u t e  oxygen as a by-product 
of p h o t o s y n t h e s i s  i n  t h e  e u p h o t i c  zcne .  Dec reases  i n  oxygen,  
which may be p a r t i c u l a r l y  pronounced i n  t h e  hypol imnion,  a r e  
g e n e r a l l y  a t t r i b u t a b l e  t o  o rgan i sma l  r e s p i r a t i o n  and t h e  
decompos i t i on  of  o r g a n i c  matter which h a s  s e t t l e d  t o  t h e  bottom. 
I n  bo th  b a s i n s  of  H i g g i n s  Lake,  maximum oxygen l e v e l s  a r e  found 
i n  the t h e r m o c l i n e  ( F i g .  1 0 c , d ) .  These c u r v e s  r e p r e s e n t  
" p o s i t i v e  h e t e r o g r a d e "  oxygen p r o f i l e s ,  and i n d i c a t e  h i g h  a l g a l  
p h o t o s y n t h e s i s  i n  t h e  t h e r m o c l i n e ,  w i th  g r e a t e r  r e s p i r a t i o n  i n  
t h e  hypol imnion.  Summer oxygen v a l u e s  were g e n e r a l l y  lower  i n  
t h e  hypol imnion o f  t h e  South  b a s i n  and d e c l i n e d  t o  52% s a t u r a t i o n  
a t  t h e  sediment-water  i n t e r f a c e .  
The s o l u b i l i t y  o f  oxygen d e c r e a s e s  as t e m p e r a t u r e  i n c r e a s e s .  
Cold w a t e r  can  t h u s  h o l d  more g a s  i n  s o l u t i o n  a t  s a t u r a t i o n  t h a n  
w a r m  water, and bo th  b a s i n s  a c c o r d i n g l y  show g r e a t e r  d i s s o l v e d  
oxygen l e v e l s  d u r i n g  t h e  w i n t e r  t h a n  i n  summer. P e r c e n t  
s a t u r a t i o n  approaches  100% th roughou t  t h e  e n t i r e  wa te r  column 
d u r i n g  w i n t e r  i n  b o t h  b a s i n s  w i t h  t h e  e x c e p t i o n  of  t h e  lower 
r e a c h e s  o f  t h e  South  b a s i n ,  where i t  d r o p s  t o  67% ( F i g .  1 0 a , b ) .  
Hardness ,  C o n d u c t i v i t y ,  C h l o r i d e _ a A  S i l i c a  
Hardness  i n  l a k e w a t e r  i s  d e f i n e d  a s  t h e  t o t a l  c o n c e n t r a t i o n  
o f  ca l c ium and magnesium i o n s  e x p r e s s e d  as mg Calcium c a r b o n a t e  
(CaCO ) p e r  l i t e r .  The u s u a l  c l a s s i f i c a t i o n  of  h a r d n e s s  i s  t h a t  
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o f  Brown, Skougs tad ,  and Fishman (1970):  0-60 = s o f t  w a t e r ,  61- 
120 = modera t e ly  h a r d  w a t e r ,  121-180 = hard  w a t e r ,  and > I 8 0  = 
v e r y  h a r d  w a t e r .  H igg ins  Lake is  t h u s  a  ha rdwa te r  l a k e ,  t h e  
South  b a s i n  b e i n g  s l i g h t l y  h a r d e r  t h a n  t h e  North b a s i n  ( F i g .  
l l c , d ) .  Calcium c a r b o n a t e  l e v e l s  i n  t h e  North b a s i n  a r e  n e a r l y  
uniform th roughou t ,  r ang ing  from 120-124 mg/l. The South b a s i n  
p r o f i l e  i s  more i r r e g u l a r .  A d e c r e a s e  i n  ha rdness  a t  t h e  
the rmoc l ine  i s  a t t r i b u t e d  t o  t h e  i n c r e a s e d  p h o t o s y n t h e t i c  
a c t i v i t y  and t h e  p r e c i p i t a t i o n  of ca lc ium c a r b o n a t e  from t h a t  
p o r t i o n  of t h e  water  column. 
Calcium c a r b o n a t e  is  a l s o  p r e c i p i t a t e d  i n  t h e  l a k e  on r o c k s ,  
sed imen t s ,  and p l a n t  s u r f a c e s  i n  n e a r s h o r e  a r e a s  of  t h e  l a k e  a s  
mar l .  Marl p roduc t ion  i n c r e a s e s  a s  l a k e  p r o d u c t i v i t y  i n c r e a s e s ,  
and n o t i c e a b l e  accumulat ions  of marl a long  p o r t i o n s  of  t h e  
s h o r e l i n e  of  Higgins  Lake (Appendix B )  p rov ide  an  e a r l y  warning 
of n u t r i e n t  l o a d i n g  t o  t h o s e  a r e a s .  
The s p e c i f i c  conductance  of l a k e  water  is  a  measure of t h e  
a b i l i t y  of a  s o l u t i o n  t o  a l l o w  e l e c t r i c a l  f low,  and i s  i n c r e a s e d  
~ L t h  i n c r e a s i n g  i o n i c  c o n t e n t  ( e s p e c i a l l y  ca lc ium,  magnesium, 
sodium, potass ium,  c a r b o n a t e  and b i c a r b o n a t e ,  s u l f a t e ,  c h l o r i d e ) .  
Conductance i n  t h e  North and South b a s i n s  of Higgins  Lake ranged 
from 250-277 urnhos/cm and 253-298 umhos/cm, r e s p e c t i v e l y ,  d u r i n g  
summer and from 231-241 umhos/cm and 210-230 umhos/un dur ing  
w i n t e r  (F ig .  1 1 ) .  These r e l a t i v e l y  h igh conductance  v a l u e s  a r e  
t y p i c a l  of  hardwater  l a k e s ,  b u t  i n c r e a s e s  i n  conductance  over  
time i n  a  g iven  l a k e  can o f t e n  s i g n a l  changes  i n  t r o p h i c  s t a t e .  
C h l o r i d e  ( C l )  is  t h e  major h a l i d e  s t o r e d  i n  most f r e s h w a t e r  
a l g a l  c e l l s ,  b u t  i s  u s u a l l y  n o t  t h e  dominant a n i o n  i n  l a k e s .  
P o l l u t i o n a l  s o u r c e s  of c h l o r i d e s  can modify n a t u r a l  
c o n c e n t r a t i o n s  g r e a t l y  and i n c l u d e  a tmospher i c  i n p u t s ,  seepage 
from domest ic  sewage, and w i n t e r  road  s a l t i n g .  G e n e r a l l y ,  
c h l o r i d e  i s  n o t  cons ide red  harmful  t o  l i v i n g  organisms i n  a  l a k e  
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u n t i l  it r e a c h e s  c o n c e n t r a t i o n s  o f  1 0  mg/l  (Wetze l ,  1983) .  
C h l o r i d e  l e v e l s  i n  b o t h  b a s i n s  d u r i n g  summer and w i n t e r  showed 
l i t t l e  v a r i a t i o n ,  r a n g i n g  from 3.9-6.2 mg/l.  
S i l i c a  (SiO ) i s  a n  e s s e n t i a l  n u t r i e n t  i n  l a k e  sys t ems  
2  
dominated by d ia tom a l g a e ,  and a n  i n v e r s e  r e l a t i o n s h i p  between 
s i l i ca  and d ia tom d e n s i t i e s  i s  a f r e q u e n t  consequence  of  a l g a l  
u p t a k e  (Lund, 1964;  Munawar & Munawar, 1975) .  Compared t o  t h e  
h i g h  l e v e l s  o f  o t h e r  g rowth - s t imu la t ing  n u t r i e n t s  s u c h  a s  
n i t r o g e n  and phosphorus  i n  wa te r  from human s o u r c e s  ( e .g . ,  
s ewage) ,  s i l i c a  l o a d i n g  i s  minor.  E x c e s s i v e  l o a d i n g  o f  n i t r o g e n  
and .phosphorus  can  t h u s  c a u s e  r a p i d  a l g a l  growth and t h e  
d e p l e t i o n  o f  a v a i l a b l e  s i l i c a  t o  l i m i t i n g  l e v e l s .  Under s u c h  
c o n d i t i o n s  d i a toms  a r e  f r e q u e n t l y  r e p l a c e d  by less d e s i r a b l e  
g r e e n  and blue-green a l g a e  which do  n o t  r e q u i r e  s i l i c a  ( S c h e l s k e  
& Stoe rmer ,  1971) .  
During w i n t e r ,  s i l i c a  i n  t h e  North b a s i n  ranged from 7.8-8.9 
m g / l ,  w h i l e  t h e  Sou th  b a s i n  had a  s l i g h t l y  e l e v a t e d  r a n g e  o f  8.3- 
9.9 mg/l ( F i g .  l l a , b ) .  Both b a s i n s  d i s p l a y  g r a d u a l  i n c r e a s e s  i n  
s i l i c a  l e v e l s  n e a r  t h e  bot tom,  l a r g e l y  because  of  t h e  r e s u p p l y  of 
s i l ica  t o  t h e  hypol imnion from t h e  sed imen t s .  Summer s i l i c a  
l e v e l s  i n  b o t h  b a s i n s  a r e  s l i g h t l y  r educed  below w i n t e r  v a l u e s  i n  
bo th  b a s i n s ,  presumably by a l g a l  u p t a k e  ( F i g .  l l c ,  d )  . S i l i c a  
l e v e l s  a r e  p a r t i c u l a r l y  d e p r e s s e d  a t  8  m and 1 2  m i n  t h e  North 
b a s i n  and  a t  8  m i n  t h e  South  b a s i n  a n d ,  l i k e  t h e  i n c r e a s e d  
oxygen l e v e l s  a t  t h o s e  d e p t h s ,  i n d i c a t e  h i g h e r  d i a tom d e n s i t i e s  
a t  t h e  t h e r m o c l i n e .  
Carbon d i o x i d e ,  pH and A l k a l i n i t y  
The pH o f  most  n a t u r a l  waters f a l l s  i n  t h e  r a n g e  of  4.0 t o  
9.0. Dev ia t ion  from a  n e u t r a l  pH of 7.0 is caused by t h e  
p resence  of a c i d s  o r  b a s e s ,  e i t h e r  produced by organisms w i t h i n  
t h e  l a k e  o r  by t h e  e n t r y  of chemicals  i n t o  t h e  l a k e .  Hardwater 
l a k e s  u s u a l l y  have b a s i c  pH v a l u e s  0 7 )  owing t o  t h e i r  h igh  
c a r b o n a t e / b i c a r b o n a t e  c o n t e n t .  Within a  g iven  l a k e ,  i n c r e a s e s  i n  
pH o f t e n  r e f l e c t  i n c r e a s e d  p h o t o s y n t h e s i s ,  w h i l e  d e c l i n e s  o f t e n  
accompany i n c r e a s e d  r e s p i r a t i o n .  
Carbon d i o x i d e  i s  an  end product  of r e s p i r a t i o n  by l i v i n g  
organisms.  It i s  a l s o  added t o  t h e  wa te r  by t h e  a c t i o n  of added 
a c i d s  on b i c a r b o n a t e s .  The s a t u r a t i o n  c o n c e n t r a t i o n  of carbon 
d i o x i d e  i s  l e s s  t h a n  1.1 mg/l a t  normal t e m p e r a t u r e s  and 
a tmospher i c  p r e s s u r e  (L ind ,  1979).  Waters a r e  f r e q u e n t l y  
s u p e r s a t u r a t e d  w i t h  carbon d i o x i d e  when r e s p i r a t i o n  r a t e s  a r e  
high.  
The a l k a l i n i t y  of wa te r  r e p r e s e n t s  t h e  q u a n t i t y  and k i n d s  of 
compounds p r e s e n t  t h a t  c o l l e c t i v e l y  i n c r e a s e  t h e  pH. Three  k i n d s  - 
of i o n s  c o n t r i b u t e  most t o  t o t a l  a l k a l i n i t y :  c a r b o n a t e  (CO ), - - 3 
b i c a r b o n a t e  (HCO ) ,  and hydroxide  (OH ). Carbonates  and 
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b i c a r b o n a t e s  a r e  common t o  most wa te r s  while c o n t r i b u t i o n s  by 
hyrox ides  a r e  u s u a l l y  minimal. 
The v e r t i c a l  d i s t r i b u t i o n  of carbon d i o x i d e ,  pH and 
a l k a l i n i t y  i n  t h e  water column i s  s t r o n g l y  i n f l u e n c e d  by 
b i o l o g i c a l l y  mediated r e a c t i o n s .  Most consp icuous  i s  t h e  up take  
of CO through p h o t o s y n t h e s i s  i n  t h e  e u p h o t i c  zone,  which r e d u c e s  
L 
both  CO and a l k a l i n i t y  whi l e  i n c r e a s i n g  pH. I n  c o n t r a s t ,  t h e  
.l 
L 
r e l e a s e  of  CO dur ing  r e s p i r a t i o n  i n  deeper  water  d e c r e a s e s  pH 
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and i n c r e a s e s  a l k a l i n i t y .  
During  t h e  w i n t e r ,  CO , pH and a l k a l i n i t y  v a l u e s  i n  both 
2 
b a s i n s  a r e  uni form t h r o u g h o u t  t h e  water column ( F i g .  1 2 a , b ) .  
Va lues  o f  CO are  low i n  both  b a s i n s ,  w i t h  s l i g h t  i n c r e a s e s  a t  
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t h e  bottom caused  by r e s p i r a t i o n  i n  o r  n e a r  t h e  s e d i m e n t s .  The 
pH i n  b o t h  b a s i n s  r anged  from 8.7-8.8. A l k a l i n i t y  v a l u e s  f o r  
bo th  b a s i n s  a r e  a l s o  similar, r a n g i n g  from 100-118 mg/l.  
Dur ing  summer, CO was e l e v a t e d  i n  t h e  hypol imnion,  a s  was 
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a l k a l i n i t y  ( r a n g e :  110-118 m g / l ) ,  w h i l e  pH v a l u e s  d e c l i n e d  ( F i g .  
1 2 c , d ) .  F u r t h e r  i n c r e a s e s  i n  l a k e  p r o d u c t i v i t y  can  be  expec ted  
t o  a c c e n t u a t e  bo th  t h e  i n c r e a s e  i n  CO and t h e  d e c l i n e  i n  pH i n  
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t h e  hypo l imnion ,  a s s o c i a t e d  w i t h  t h e  i n c r e a s e d  decompos i t i on  of 
o r g a n i c  matter u t i l i z e d  i n  r e s p i r a t i o n .  
N i t r o g e n  
The major forms o f  n i t r o g e n  u s u a l l y  measured i n  f r e s h  water 
i n c l u d e  d i s s o l v e d  and p a r t i c u l a t e  o r g a n i c  n i t r o g e n ,  and t h e  
i n o r g a n i c  n u t r i e n t s  ammonia and n i t r a t e .  The combined 
measurement o f  b o t h  i n o r g a n i c  and o r g a n i c  n i t r o g e n  i s  r e f e r r e d  t o  
as t o t a l  n i t r o g e n .  N i t rogen  i s  a l s o  abundant  i n  wa te r  as t h e  
d i s s o l v e d  g a s  N , b u t  t h i s  form can  o n l y  b e  u t i l i z e d  th rough  
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n i t r o g e n  f i x a t i o n  by a  small number of  blue-green a l g a e  and 
b a c t e r i a .  
Nitrate (NO ), a l t h o u g h  u s u a l l y  p r e s e n t  i n  low 
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c o n c e n t r a t i o n s  i n  n a t u r a l  waters, i s  o f t e n  t h e  most abundant  
i n o r g a n i c  form o f  t h e  e l emen t .  The s e a s o n a l  c y c l e  of  n i t r a t e  
t e n d s  t o  be similar i n  most l a k e s .  I n  w i n t e r ,  i n f l o w  u s u a l l y  
e x c e e d s  a l g a l  u p t a k e ,  and is  supplemented  by n i t r o g e n  r e l e a s e  
from t h e  s e d i m e n t s .  I n  summer, n i t r a t e  u p t a k e  is u s u a l l y  f a s t e r  
t h a n  combined i n p u t s ,  and  c o n c e n t r a t i o n s  i n  t h e  wa te r  column 
t h e r e f o r e  d e c l i n e .  M a j o r  s o u r c e s  of n i t r a t e  f o r  l a k e s  a r e  r i v e r  
i n f l o w s ,  d i r e c t  p r e c i p i t a t i o n  and groundwater.  
Ammonia (NH ) is a l s o  t a k e n  up a s  a n u t r i e n t  by 
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phytoplankton and may a l s o  be conver t ed  t o  n i t r a t e  by b a c t e r i a l  
o x i d a t i o n .  It p e r s i s t s ,  however, as a major e x c r e t o r y  p roduc t  o f  
a q u a t i c  organisms and t h e  end product  of t h e  breakdown of o r g a n i c  
n i t r o g e n .  The amount of  ammonia p r e s e n t  t h u s  depends l a r g e l y  on 
t h e  r e l a t i v e  r a t e s  of t h e s e  p r o c e s s e s .  
Seasona l  c y c l e s  of  ammonia u s u a l l y  f o l l o w  one of two 
p a t t e r n s  depending on t h e  t r o p h i c  s t a t e  of t h e  l a k e .  I n  
o l i g o t r o p h i c  l a k e s ,  ammonia p e r s i s t s  a t  low l e v e l s  th roughou t  t h e  
y e a r ,  and v a r i e s  l i t t l e  w i t h  depth .  I n  e u t r o p h i c  l a k e s ,  by 
c o n t r a s t ,  summer v a l u e s  of  ammonia a r e  u s u a l l y  much lower i n  t h e  
e p i l i m n i o n  t h a n  i n  t h e  hypolimnion owing t o  t h e  decomposi t ion  of 
o r g a n i c  m a t t e r  s e t t l i n g  t o  t h e  bottom, and d u r i n g  w i n t e r  ammonia 
c o n c e n t r a t i o n s  may i n c r e a s e  t o  l e v e l s  exceeding 1 m g / l .  The 
major s o u r c e s  of  ammonia t o  l a k e s  a r e  i n f l o w i n g  streams, 
p r e c i p i t a t i o n ,  a tmospher i c  d u s t  and n i t r o g e n  f i x a t i o n .  Sewage 
i n p u t s  o f t e n  c o n t a i n  much h i g h e r  l e v e l s  of  ammonia than  o f  
n i t r a t e .  
N i t r a t e  c o n c e n t r a t i o n s  ranged from 36-95 u g / l  and 23-393 
u g / l  f o r  t h e  North and South b a s i n s  r e s p e c t i v e l y  dur ing  t h e  
w i n t e r  (Fig .  1 3 a , b ) ,  and d e c l i n e d  s l i g h t l y  dur ing  summer a s  
expected  ( F i g .  1 3 c , d ) .  Ammonia l e v e l s  d u r i n g  w i n t e r  ranged from 
11-21 u g / l  and 12-36 u g / l  f o r  t h e  North and South b a s i n s ,  
r e s p e c t i v e l y  ( F i g .  1 3 a , b ) .  A s l i g h t  i n c r e a s e  i n  ammonia was 
no ted  n e a r  t h e  bottom i n  both b a s i n s ,  produced l a r g e l y  by t h e  
decomposi t ion  of o r g a n i c  n i t r o g e n .  
Summer v a l u e s  f o r  ammonia were 6-51 u g / l  and 18-66 u g / l  f o r  
t h e  North and South  b a s i n s  ( F i g .  1 3 c , d ) ,  and show a  s l i g h t  
i n c r e a s e  over  w i n t e r  c o n c e n t r a t i o n s .  Hypol imnet ic  v a l u e s  were 
e l e v a t e d  i n  comparison t o  t h o s e  of  t h e  e p i l i m n i o n  i n  both  b a s i n s  
( F i g .  13c, d )  . 
T o t a l  n i t r o g e n  d u r i n g  w i n t e r  averaged 163  u g / l  and 214 u g / l  
f a r  t h e  North and South  b a s i n s  ( F i g .  1 3 a , b ) .  The North b a s i n  
p r o f i l e  shows a  g r a d u a l  i n c r e a s e  toward t h e  bottom sed imen t s ,  and 
a n  even s h a r p e r  i n c r e a s e  i n  t o t a l  n i t r o g e n  n e a r  t h e  bottom is  
s e e n  i n  t h e  South  b a s i n .  T o t a l  n i t r o g e n  v a l u e s  dur ing  summer 
v a r i e d  f rom 85-245 u g / l  f o r  t h e  North and South  b a s i n s ,  
r e s p e c t i v e l y  ( F i g .  1 3 c , d ) .  C o n c e n t r a t i o n s  i n  bo th  b a s i n s  were 
r e l a t i v e l y  c o n s t a n t  i n  t h e  e p i l i m n i o n ,  w i t h  g r a d u a l  i n c r e a s e s  
n e a r  t h e  sed imen t s .  F l u c t u a t i o n s  i n  t o t a l  n i t r o g e n  c o i n c i d e d ,  a s  
e x p e c t e d ,  w i t h  f l u c t u a t i o n s  i n  n i t r a t e  and ammonia l e v e l s .  
Phosphorus  
Phosphorus  i s  a  common l i m i t i n g  n u t r i e n t  i n  many l a k e s  owing 
t o  i t s  f r e q u e n t  geochemical  s c a r c i t y .  Phosphorus i n  n a t u r a l  
w a t e r s  is  p r e s e n t  p r i m a r i l y  a s  o r g a n i c a l l y  bound phosphorus,  
i n o r g a n i c  po lyphospha tes  and a s  i n o r g a n i c  o r thophospha tes .  Of 
t h e s e ,  t h e  form most u s a b l e  a s  a  n u t r i e n t  is i n o r g a n i c  
o r thophospha te  (PO ), which o f t e n  c o n s t i t u t e s  a  s m a l l  f r a c t i o n  of 
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t o t a l  phosphorus.  
The v e r t i c a l  d i s t r i b u t i o n  of phosphorus,  much l i k e  t h a t  of 
n i t r o g e n ,  v a r i e s  a c c o r d i n g  t o  l a k e  t r o p h i c  s t a t e .  O l i g o t r o p h i c  
l a k e s  u s u a l l y  show l i t t l e  v a r i a t i o n  i n  phosphorus c o n t e n t  wi th  
dep th .  More p r o d u c t i v e  l a k e s ,  i n  c o n t r a s t ,  accumulate  l a r g e  
amounts of  phosphorus i n  t h e  hypolimnion dur ing  summer 
s t r a t i f i c a t i o n .  
Phosphorus is  added t o  a  l a k e  p r i m a r i l y  through 
p r e c i p i t a t i o n ,  ove r l and  r u n o f f ,  groundwater ,  and s e d b e n t  
r e g e n e r a t i o n .  Most n a t u r a l  h y d r o l o g i c a l  i n p u t s  have  low 
phosphorus c o n t e n t .  R e s i d e n t i a l  development s u r r o u n d i n g  a k k e ,  
however, u s u a l l y  r e s u l t s  i n  i n c r e a s e s  i n  phosphorus d i s c h a r g e d  t o  
l a k e s  i n  approx imate ly  d i r e c t  p r o p o r t i o n  t o  p o p u l a t i o n  d e n s i t i e s  
(Weibel ,  1969) .  I n p u t s  of phosphorus from heavy lawn 
f e r t i l i z a t i o n ,  s to rm sewer d r a i n a g e ,  and sewage can a l l  
s i g n i f i c a n t l y  e l e v a t e  o v e r a l l  phosphorus a v a i l a b i l i t y .  
Winter  o r thophospha te  v a l u e s  i n  bo th  b a s i n s  of Higg ins  Lake 
a r e  very  low, w i t h  mean v a l u e s  of  5.3 and 6.2 u g / l  f o r  t h e  North 
and South  b a s i n s ,  r e s p e c t i v e l y  ( F i g .  1 4 a , b ) .  There  w a s  l i t t l e  
v a r i a t i o n  w i t h  dep th  i n  t h e  South  b a s i n ,  while showing a s l i g h t  
i n c r e a s e  a t  t h e  bottom of t h e  North b a s i n .  T o t a l  phosphorus 
d u r i n g  w i n t e r  was s i m i l a r l y  low, w i t h  mean v a l u e s  o f  18 .7  and 
15 .2  u g / l  f o r  t h e  North and South b a s i n s ,  r e s p e c t i v e l y .  
Summer o r thophospha te  v a l u e s  f o r  both  b a s i n s  show more t h a n  
two-fold i n c r e a s e  over  w i n t e r  v a l u e s  a t  all d e p t h s  ( F i g .  1 4 c , d ) ,  
probably  owing i n  p a r t  t o  t h e  g r e a t l y  i n c r e a s e d  r i p a r i a n  
popu la t ion  dur ing  summer. I n  t h e  Nor th  b a s i n  t h e  mean 
o r thophospha te  c o n c e n t r a t i o n  i n c r e a s e d  from 5.2 u g / l  i n  w i n t e r  t o  
a  summer v a l u e  of 11.3 u g h .  Again,  s l i g h t  i n c r e a s e s  i n  t h e  
hypolimnion were a p p a r e n t .  The summer o r thophospha te  p r o f i l e  f o r  
t h e  South  b a s i n  showed pronounced i n c r e a s e s  i n  t h e  hypolimnion.  
T o t a l  phosphorus v a l u e s  d u r i n g  summer i n  t h e  South b a s i n  l i k e w i s e  
show a t  l e a s t  a  two-fold i n c r e a s e  over  w i n t e r  c o n c e n t r a t i o n s ,  and 
i n c r e a s e  s u b s t a n t i a l l y  w i t h  dep th  t o  a  maximum of 183.1  u g / l  a t  
t h e  sediment-water  i n t e r f a c e .  I n c r e a s e s  i n  both o r thophospha te  
and t o t a l  phosphorus i n  t h e  hypolimnion can be expected  i f  
f u r t h e r  n u t r i e n t  enr ichment  of t h e  l a k e  occurs .  
Phytoplankton 
Phytoplankton a r e  a l g a e  suspended i n  t h e  water  column. They 
a r e  t h e  most impor tan t  primary p roducer s  i n  most l a k e s ,  and t h e i r  
growth p r o v i d e s  t h e  p r i n c i p a l  b a s i s  f o r  t h e  growth of 
i n v e r t e b r a t e s  and f i s h  ( F i g .  1 5 ) .  Phytoplankton s p e c i e s  a r e  
found v a r y i n g  q u a n t i t i e s  a c c o r d i n g  t o  season  and l a k e  type .  The 
dominant a l g a l  g roups  i n  l a k e s  of  n o r t h e r n  Michigan a r e  t h e  g reen  
a l g a e  (Ch lo rophy ta ) ,  blue-green a l g a e  (Cyanophyta) ,  d ia toms 
( E a c i l l a r i o p h y t a ) ,  and golden-brown a l g a e  (Chrysophyta) .  
S e v e r a l  k i n d s  of  environmenta l  f a c t o r s  i n t e r a c t  t o  r e g u l a t e  
s p a t i a l  and temporal  growth. A s  w e l l  a s  t empera tu re  and l i g h t ,  a  
number o f  o r g a n i c  and i n o r g a n i c  n u t r i e n t s  p lay  c r i t i c a l  r o l e s  i n  
t h e  s u c c e s s  of  a l g a l  p o p u l a t i o n s .  A s  t h e  supp ly  of l i m i t i n g  
n u t r i e n t s  is  i n c r e a s e d ,  r a t e s  of  a l g a l  p roduc t ion  l i k e w i s e  
i n c r e a s e .  I n c r e a s e d  phytoplankton d e n s i t i e s  p r o g r e s s i v e l y  reduce  
l i g h t  p e n e t r a t i o n  and t h e  depth  of  t h e  e u p h o t i c  zone. A p o i n t  is 
e v e n t u a l l y  reached a t  which s e l f - s h a d i n g  i n h i b i t s  f u r t h e r  
i n c r e a s e s  i n  p r o d u c t i v i t y  i n  very  e u t r o p h i c  l a k e s ,  r e g a r d l e s s  of 
n u t r i e n t  supp ly  (Wetzel ,  1983) .  
A d i s t i n c t  p e r i o d i c i t y  i n  t h e  biomass o f  phytoplankton is 
observed i n  t empera te  l a k e s .  Growth is g r e a t l y  reduced dur ing  
w i n t e r  by low l i g h t  and c o l d  t empera tu res .  Phytoplankton numbers 
normal ly  peak d u r i n g  s p r i n g ,  suppor ted  by i n c r e a s i n g  t e m p e r a t u r e s  
and l i g h t ,  and by t h e  mixing upward i n t o  t h e  e u p h o t i c  zone of 
n u t r i e n t s  from t h e  bottom wate r s .  The s p r i n g  maximum of 
phytoplankton biomass i s  u s u a l l y  fo l lowed by a  p e r i o d  of lower 
biomass d u r i n g  summer, a s  n u t r i e n t  s u p p l i e s  a r e  d e p l e t e d  by a l g a l  
up take ,  a l g a l  consumption by zooplankton i n c r e a s e s ,  and many 
a l g a e  s i n k  t o  t h e  bottom. 
I n  o l i g o t r o p h i c  l a k e s ,  t h e  phytoplankton community u s u a l l y  
c o n s i s t s  of cryptomonads and smal l  g r e e n  a l g a e  d u r i n g  w i n t e r ,  
p r i m a r i l y  of d ia toms i n  s p r i n g ,  and of g reen  a l g a e  dur ing  summer. 
Accumulations of a l g a e  a t  t h e  the rmoc l ine  a r e  t y p i c a l  i n  summer, 
owing t o  t h e  g r e a t e r  d e n s i t y  (and t h u s  buoyancy) of  c o l d e r  wa te r .  
Chlorophyl l -a  i s  t h e  primary pigment used by phytoplankton 
f o r  p h o t o s y n t h e s i s .  The measurement of ch lo rophy l l - a  t h u s  s e r v e s  
a s  a  convenient  i n d e x  of t o t a l  a l g a l  biomass, and by e x t e n s i o n ,  
of  l a k e  t r o p h i c  s t a t u s .  The U.S. E P A  N a t i o n a l  E u t r o p h i c a t i o n  
Survey (1975) has  c l a s s i f i e d  l a k e s  accord ing  t o  t h e  f o l l o w i n g  
summer ch lo rophy l l - a  c o n c e n t r a t i o n s :  <7 u g / l  = o l i g o t r o p h i c ;  7-12 
u g / l  = mesotrophic ;  >12 u g / l  = e u t r o p h i c .  
Chlorophyll-a v a l u e s  f o r  both  b a s i n s  of Higgins  Lake a r e  
low, r ang ing  from 0.90-3.78 u g / l  w i t h  a  mean of 2 .3  u g / l  a d  2.4 
i n  t h e  North and South b a s i n s  ( F i g .  1 6 c , f ) .  These v a l u e s  a r e  
i n d i c a t i v e  of o l i g o t r o p h i c  c o n d i t i o n s .  The con t inued  p resence  o f  
v i a b l e  a l g a e  a t  c o n s i d e r a b l e  depth  i s  a  consequence of t h e  good 
l i g h t  p e n e t r a t i o n  i n  Higgins  Lake, and i s  a g a i n  c h a r a c t e r i s t i c  of 
o l i g o t r o p h i c  waters. Although a l g a l  biomass is  n o t  u n u s u a l l y  
h igh  a t  t h e  the rmoc l ine ,  r a t e s  of  p h o t o s y n t h e s i s  and n u t r i e n t  
up take  appear  t o  be maximal, accoun t ing  f o r  t h e  h igh d i s s o l v e d  
oxygen and low n i t r a t e ,  phosphate  and s i l i c a  c o n c e n t r a t i o n s  
between 8-12 m.  
Also d e p i c t e d  i n  F i g u r e  1 6  a r e  phaeopigment v a l u e s  f o r  both 
b a s i n s .  Phaeopigments a r e  produced by t h e  decomposi t ion  of 
ch lo rophy l l - a ,  and t h u s  s e r v e  a s  a measure of  t h e  h e a l t h  of  t h e  
phytoplankton community. High phaeopigment l e v e l s  a r e  o f t e n  
c h a r a c t e r i s t i c  of  t h e  d e c l i n e  of  t h e  s p r i n g  maximum, f o r  example, 
o r  may i n d i c a t e  unusua l ly  heavy g r a z i n g  by zooplankton.  
Phaeopigment l e v e l s  i n  Higgins  Lake a r e  low i n  most of  t h e  water  
column, p r o v i d i n g  ev idence  of a r e l a t i v e l y  s t a b l e  a l g a l  community 
i n  t h e  days  p r i o r  t o  sampling.  Phaeopigment v a l u e s  i n c r e a s e ,  a s  
e x p e c t e d ,  n e a r  t h e  bottom, owing t o  t h e  decomposi t ion  of a l g a e  
which have sunk o u t  of  t h e  water  column d u r i n g  p reced ing  weeks. 
Zooplankton 
Zooplankton a r e  mic roscop ic  i n v e r t e b r a t e s  which f e e d  on 
a l g a e  o r  smaller zoop lank ton ,  and which i n  t u r n  a r e  u t i l i z e d  a s  
food by most f i s h  ( F i g .  1 5 ) .  The c h i e f  components of  zooplankton 
communities a r e  p ro tozoans ,  r o t i f e r s ,  and c r u s t a c e a n s  
( c l a d o c e r a n s  and copepods).  Most zooplankton a r e  abou t  0 .5  mm t o  
1 .0  mm i n  l e n g t h .  Zooplankton abundances r a n g e  from <10 
i n d i v i d u a l s  p e r  l i t e r  i n  ve ry  o l i g o t r o p h i c  waters t o  more t h a n  
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1 0  i n d i v i d u a l s  p e r  l i t e r  i n  e u t r o p h i c  l a k e s .  
The s p e c i e s  composi t ion  of t h e  zooplankton community may 
a l s o  be a v a l u a b l e  i n d i c a t o r  of  l a k e  t r o p h i c  s t a t u s  (Gannon & 
Stemberger ,  1978) .  Although most s p e c i e s  e x i s t  under a wide 
r a n g e  o f  environmenta l  c o n d i t i o n s ,  c e r t a i n  s p e c i e s  a r e  l i m i t e d  by 
t e m p e r a t u r e ,  d i s s o l v e d  oxygen, s a l i n i t y ,  and o t h e r  
physicochemical  f a c t o r s .  The s p e c i e s  composi t ion  i n  a l a k e  
t y p i c a l l y  remains q u i t e  c o n s t a n t  f o r  many decades  under n a t u r a l  
c o n d i t i o n s ,  bu t  l a k e s  undergoing c u l t u r a l  e u t r o p h i c a t i o n  o f t e n  
e x p e r i e n c e  marked changes i n  zooplankton community composi t ion  
over  much s h o r t e r  time i n t e r v a l s .  O l i g o t r o p h i c  l a k e s  g e n e r a l l y  
d i s p l a y  ve ry  d i v e r s e  zooplankton communities w i t h  many s p e c i e s ,  
and a r e  o f t e n  dominated by c a l a n o i d  copepods. E u t r o p h i c  l a k e s  
u s u a l l y  have j u s t  a  few very  abundant s p e c i e s ,  e s p e c i a l l y  smller 
r o t i f e r s ,  Cladocera  and protozoa (Gl iwicz ,  1969) .  
The c a l a n o i d  copepod S e n e c e l l a  c a l a n o i d e s ,  found i n  Higgins  
Lake (Fig .  16)  i s  an  e x c e l l e n t  i n d i c a t o r  of c l a s s i c  o l i g o t r o p h i c  
c o n d i t i o n s  (Gannon & Stemberger ,  1978) .  S e n e c e l l a  i s  a  c o l d  
s t eno the rm,  r e q u i r i n g  c o l d ,  w e l l  oxygenated bottom waters 
(Dadswell ,  1974) .  
Another zooplankton s p e c i e s  of  i n t e r e s t  i s  K e l l i c o t t i a  
l o n g i s p i n a ,  an  i n d i c a t o r  of  oligotrophic-to-mesotrophic water and 
abundant i n  both b a s i n s  of  Higgins  Lake. O v e r a l l  numbers of 
zooplankton were low i n  t h e  l a k e ,  w h i l e  s p e c i e s  d i v e r s i t y  was 
h igh ,  a  f u r t h e r  i n d i c a t i o n  o f  good water  q u a l i t y .  D e c l i n e s  i n  
s p e c i e s  such a s  S e n e c e l l a  and K e l l i c o t t i a ,  and f u r t h e r  i n c r e a s e s  
i n  Bosmina l o n g i r o s t r i s ,  now p r e s e n t  i n  t h e  l a k e  and u s u a l l y  
a s s o c i a t e d  w i t h  eu t rophy  (Deevey 1942) ,  nay be p r e d i c t e d  i f  
f u r t h e r  e u t r o p h i c a t i o n  o c c u r s  i n  t h e  l a k e .  
Sediments 
Deepwater ( p r o f u n d a l )  sed imen t s  c o n s i s t  o f  o r g a n i c  m a t t e r  i n  
v a r i o u s  s t a t e s  of  decomposi t ion ,  p a r t i c u l a t e  m i n e r a l  m a t t e r ,  
( e s p e c i a l l y  q u a r t z )  and an i n o r g a n i c  component of b i o g e n i c  o r i g i n  
(most ly  diatom f r u s t u l e s  and ca lc ium c a r b o n a t e ) .  Two g e n e r a l  
t y p e s  of  sed imen t s  a r e  u s u a l l y  d i s t i n g u i s h e d  i n  hardwater  l a k e s :  
c o p r o p e l  and s a p r o p e l .  
Copropel  i s  d e r i v e d  p r i m a r i l y  from s e t t l e d  p lank ton ,  
modi f i ed  e x t e n s i v e l y  by bottom-dwell ing i n v e r t e b r a t e s ,  which both  
consume i t  and c o n t r i b u t e  t h e i r  f e c e s  t o  i t .  The sed imen t s  a r e  
u s u a l l y  g r e y  o r  brown, w i t h  an  o r g a n i c  c o n t e n t  of less t h a n  50% 
of t o t a l  d r y  we igh t ,  a s  abundant oxygen i n  w a t e r s  o v e r l y i n g  t h e  
sed imen t s  f a v o r s  t h e  b a c t e r i a l  decoupos i t ion  of o r g a n i c  
m a t e r i a l s .  Grey c o p r o p e l s  wi th  less than  20% o r g a n i c  c o n t e n t  a r e  
c h a r a c t e r i s t i c  of  o l i g o t r o p h i c  l a k e s  (Co le ,  1979) .  
S a p r o p e l s  i n  c o n t r a s t  a r e  s u b j e c t e d  t o  long  p e r i o d s  of 
a n o x i a ,  a s  o c c u r s  i n  most deep e u t r o p h i c  l a k e s .  S a p r o p e l s  a r e  a  
g l o s s y  b l ~ c k ,  wa te ry  m a t e r i a l  of ve ry  h i g h  o r g a n i c  c o n t e n t ,  which 
may g i v e  o f f  t h e  ro t t en -egg  odor  o f  hydrogen s u l f i d e  and o f t e n  
c o n t a i n s  t h e  marsh g a s  methane. 
The s u r f i c i a l  sed imen t s  of  Higg ins  Lake a r e  g r e y  c o p r o p e l s .  
T h e i r  o r g a n i c  c o n t e n t  i s  18.5% and 22.8% of  t o t a l  d r y  weight  i n  
t h e  North and South b a s i n s ,  r e s p e c t i v e l y .  The most r e c e n t l y  
d e p o s i t e d  p r o f u n d a l  sed imen t s  a r e  t h u s  c o n s i s t e n t  w i t h  t h e  
c u r r e n t  o l i g o t r o p h i c  s t a t u s  of  t h e  l a k e .  
V I .  SUMMARY OF EVIDENCE FOR EZTROPHICATION I N  HIGGINS LAKE 
Most of t h e  d a t a  p resen ted  i n  S e c t i o n  V i n d i c a t e  t h a t  
Higgins  Lake possesses  water  of  very  high q u a l i t y .  Most 
parameters  (e .g . ,  h igh hypo l imne t i c  d i s s o l v e d  oxygen, deep l i g h t  
p e n e t r a t i o n ,  low chlorophyl l -a  va lues ,  t h e  p resence  of  t h e  
zooplankton s p e c i e s  S e n e c e l l a  c a l a n o i d e s )  are i n d i c a t i v e  of 
o l i g o t r o p h i c  c o n d i t i o n s .  Rowever, t h e  l a k e  h a s  a l s o  begun t o  
show human impacts .  E u t r o p h i c a t i o n  was much more e v i d e n t  in t h e  
South b a s i n  than  i n  t h e  North b a s i n ,  on t h e  b a s i s  of v i r t u a l l y  
a l l  measurements t aken  (Table  3). The South b a s i n  is 
morphometr ica l ly  s m a l l e r ,  w i t h  l e s s  water  volume, than  t h e  North 
b a s i n ,  and may a l s o  r e c e i v e  g r e a t e r  amounts o f  o r g a n i c  i n p u t ,  as 
both  t h e  p r e v a l e n t  wind d i r e c t i o n  and l o c a t i o n  of t h e  s u r f a c e  
ou t f low f a v o r  t h e  c o l l e c t i o n  of o r g a n i c  m a t e r i a l s  i n  deep 
p o r t i o n s  of  t h e  s o u t h e a s t  end of t h e  l a k e .  Continued moni to r ing  
of  t h e  South bas in  may t h u s  be p a r t i c u l a r l y  v a l u a b l e  because of  
i ts  s e n s i t i v i t y  a s  a warning d e v i c e  of any f u r t h e r  e u t r o p h i c a t i o n  
i n  t h e  f u t u r e .  
A comparison of  t h e s e  d a t a  wi th  d a t a  t a k e n  less than  a 
decade ago p rov ide  ev idence  of  s lowly d e t e r i o r a t i n g  water 
q u a l i t y .  P a r t i c u l a r l y  n o t i c e a b l e  is a  g r a d u a l  d e c l i n e  i n  water 
q u a l i t y  i n  t h e  South b a s i n  s i n c e  1974 and 1977, when d a t a  were 
c o l l e c t e d  by t h e  E P A  a t  approximate ly  t h e  same l o c a t i o n  and t i m e  
of t h e  season .  For  example, mean p e r c e n t  s a t u r a t i o n  of d i s s o l v e d  
oxygen i n  t h e  hypolimnion h a s  d e c l i n e d  from 86.8% i n  1974 t o  
73.5% i n  1983 (Fig .  17) .  The South b a s i n  i s  a l s o  e x p e r i e n c i n g  a  
s t e a d y  i n c r e a s e  i n  t h e  l e v e l s  of n i t r o g e n  and phosphorus. T o t a l  
n i t r o g e n  l e v e l s  have n e a r l y  doubled from a mean of 110 u g / l  i n  
1974 t o  t h e  p r e s e n t  v a l u e  of 213 u g / l  (F ig .  1 8 ) .  Mean t o t a l  
phosphorus l e v e l s  a r e  i n c r e a s i n g  a t  a lmost  t h e  same r a t e ,  from 
33.8 u g / l  i n  1974 t o  t h e  p r e s e n t  v a l u e  of 53.2 u g / l  (Fig .  19) .  
The dep th  p r o f i l e  f o r  phosphorus i n  1974 is  t y p i c a l  of an 
o l i g o t r o p h i c  l a k e ,  as c o n c e n t r a t i o n s  remain low i n  t h e  
hypolimnion. During 1977 and 1983, however, phosphorus i n c r e a s e s  
d i s t i n c t l y  wi th  dep th ,  a  p a t t e r n  c h a r a c t e r i s t i c  of more 
p r o d u c t i v e  wa te r s .  
A number of i n d i c e s  have been developed i n  r e c e n t  y e a r s  t o  
c l a s s i f y  l a k e s  accord ing  t o  t r o p h i c  s t a t e .  Car lson (1977) 
developed one such system, t h e  Trophic  S t a t e  Index (TSI) ,  based 
upon chlorophyl l -a  v a l u e s ,  s e c c h i  dep th  r e a d i n g s ,  and t o t a l  
phosphorus c o n c e n t r a t i o n s .  According t o  C a r l s o n ' s  system, 
ch lo rophyl l -a  v a l u e s  and Secch i  d i s k  measurements f o r  t h e  South 
b a s i n  s t i l l  f a l l  w i t h i n  t h e  range of o l i g o t r o p h i c  (0)  waters 
w h i l e  t o t a l  phosphorus c o n c e n t r a t i o n s  d e s c r i b e  t h e  b a s i n  as 
e u t r o p h i c  (E) (Fig .  20). The seeming d i s p a r i t y  i n  c l a s s i f i c a t i o n  
is due l a r g e l y  t o  t h e  extremely high hypol imnet ic  t o t a l  
phosphorus l e v e l s  found i n  t h e  b a s i n .  Other n o r t h e r n  Yiichigan 
l a k e s  a r e  a l s o  shown i n  F i g u r e  20 f o r  comparison wi th  t h e  South 
bas in .  
VII. N VS. P LIMITATION - THE NORTH AhD SOUTH BASINS 
A comparison of t h e  n u t r i e n t s  n i t r o g e n  (N) ,  phosphorus (P)  
and s i l i c a  i n  Higgins  Lake s u g g e s t s  t h a t  whereas both N and P 
reach  p o t e n t i a l l y  g rowth- l imi t ing  l e v e l s  by mid-summer, s i l i c a  
remains s u f f i c i e n t l y  abundant t h a t  it probab ly  does  n o t  i n f l u e n c e  
o v e r a l l  a l g a l  p r o d u c t i v i t y .  A more d e t a i l e d  a n a l y s i s  o f  N v s .  P 
l i m i t a t i o n  i s  t h e r e f o r e  p r e s e n t e d  h e r e .  
Algal  communities r e q u i r e  approx imate ly  1 5  times a s  much 
t o t a l  Ni t rogen (TN) a s  t o t a l  phosphorus (TP) f o r  normal growth,  
a l t h o u g h  n u t r i t i o n a l  needs  a r e  now known t o  v a r y  c o n s i d e r a b l y  
accord ing  t o  s p e c i e s  (Rhee & Gotham, 1980). Whichever n u t r i e n t  
i s  i n  l e a s t  supp ly  r e l a t i v e  t o  t h i s  15m:1TP a v e r a g e  need may 
t h u s  be i d e n t i f i e d  as t h e  growth l i m i t i n g  n u t r i e n t  f o r  most a l g a l  
s p e c i e s .  
Sakamoto (1966) ,  who measured ch lo rophy l l - a  i n  Japanese  
l a k e s  r e l a t i v e  t o  both  t o t a l  phosphorus and t o t a l  n i t r o g e n  
c o n c e n t r a t i o n s ,  concluded t h a t  i f  t h e  (weight-to-weight)  TN:TP 
r a t i o  was between 1 0 : l  and 17:1,  c h l o r o p h y l l  y i e l d  was c o n t r o l l e d  
j o i n t l y  by t h e  two n u t r i e n t s .  Biomass was l i m i t e d  by TN a t  
r a t i o s  less t h a n  10:1, and l i m i t e d  by P when a t  r a t i o s  exceeding 
1 7 : l .  S i m i l a r  c o n c l u s i o n s  have been drawn by Forsbe rg  e t  a l .  
(1978) f o r  t h e  phytoplankton of Swedish l a k e s ,  and by Smith 
(1982) f o r  North American l a k e s .  
T h i s  r e l a t i o n s h i p  of a l g a l  growth t o  a v a i l a b l e  Ni t rogen  vs .  
Phosphorus i s  shown g r a p h i c a l l y  i n  F i g u r e  21 ( a f t e r  Tilman 1980) .  
Any p a r c e l  of  l a k e  water  can  be viewed a s  a  p o i n t  on t h e  g raph ,  
c o n s i s t i n g  of a  c e r t a i n  c o n c e n t r a t i o n  of N (X-coordinate)  and P 
(Y-coordinate) .  The 1 5 : l  r a t i o  which is op t imal  f o r  most a l g a e  
i s  shown a s  an  o b l i q u e  l i n e  from t h e  lower - l e f t  t o  upper-r ight  
p o r t i o n  of t h e  F igure .  The a l g a e  i n  water  r e p r e s e n t e d  by any 
p o i n t  below t h i s  op t ima l  N:P r a t i o  ( d a r k e r ,  h o r i z o n t a l  s t r i p e s )  
w i l l  be  l i m i t e d  d i r e c t l y  by phosphorus,  and w i l l  exper ience  no 
a d d i t i o n a l  growth r e g a r d l e s s  of  how much n i t r o g e n  is added t o  t h e  
wa te r .  Likewise ,  a l g a e  i n  water  r e p r e s e n t e d  by any p o i n t  above 
t h e  o p t i m a l  N:P r a t i o  ( l i g h t e r ,  v e r t i c a l  s t r i p e s ) ,  w i l l  
e x p e r i e n c e  N- l imi ta t ion  and cannot  respond t o  f u r t h e r  a d d i t i o n s  
of  P. 
The c o n c e n t r a t i o n s  of TN and TP i n  both  b a s i n s  of  Higgins  
Lake show t h a t  phosphorus i s  l i k e l y  t o  be  t h e  growth- l imi t ing 
n u t r i e n t  dur ing  mid-summer. The TN:TP r a t i o  i n  t h e  North b a s i n  
i s  approx imate ly  22:1, w h i l e  t h a t  of  t h e  South b a s i n  i s  17 : l  
(Fig .  22) .  These r a t i o s  a r e  l i k e l y  t o  vary  c o n s i d e r a b l y  wi th  
t ime  d u r i n g  mid-summer, however, a s  a consequence of t h e  very  low 
c o n c e n t r a t i o n s  of both  n u t r i e n t s .  
The occur rence  of  P - l i m i t a t i o n  i n  Higgins  Lake is  impor tan t  
i n  t h a t  ( 1 )  phytoplankton growth may be  d i r e c t l y  p r e d i c t e d  by 
measuring a v a i l a b l e  phosphorus c o n c e n t r a t i o n s ,  (2 )  s o u r c e s  of  
phosphorus ( b o t h  n a t u r a l  and human) can be  e s t i m a t e d  wi th  
r e a s o n a b l e  a c c u r a c y ,  and ( 3 )  u n l i k e  n i t r o g e n ,  phosphorus can be 
I( managed" by reduc ing  human s o u r c e s  of phosphorus t o  t h e  l a k e .  
The f i r s t  s t e p  i n  such a management e f f o r t  i s  t h e  p r e p a r a t i o n  of 
a n u t r i e n t  budget f o r  phosphorus,  d e s c r i b e d  i n  t h e  n e x t  S e c t i o n .  
VIII. A PHOSPHORUS BUDGET FOR HIGGINS LAKE 
The i n p u t  of phosphorus t o  Higgins Lake depends both upon 
( 1 )  r a t e s  of water (hydro log ic )  f low from v a r i o u s  s o u r c e s  t o  t h e  
l a k e ,  and ( 2 )  phosphorus c o n c e n t r a t i o n s  of t h e  water  s u p p l i e d  
from each source .  Many of t h e  conc lus ions  which f o l l o w  a r e  
documented i n  g r e a t e r  d e t a i l  i n  Reckhow's e a r l i e r  s t u d y  of t h e  
l a k e  (Reckhow, 1980, 1983) ,  and summarized as a  mathematical  
model i n  Appendix A .  Reckhow's e s t i m a t e s  a r e  supplemented wi th  
measurements of d i s c h a r g e  and s t ream n u t r i e n t  c o n t e n t ,  o b t a i n e d  
f o r  t h e  Cut River ,  Big Creek and L i t t l e  Creek on March 3 ,  May 25, 
June 22, and J u l y  19 ,  1983. Stream v e l o c i t i e s  were measured us ing  
a General  Oceanics flowmeter and were m u l t i p l i e d  by s t ream cross -  
s e c t i o n a l  a r e a  t o  o b t a i n  d i s c h a r g e  e s t i m t e s .  
1. Only a  small p o r t i o n  of t h e  water  t h a t  l e a v e s  Higgins  
Lake v i a  t h e  Cut River a c t u a l l y  r e a c h e s  t h e  l a k e  as s u r f a c e  
in f lows  through Big and L i t t l e  Creeks. The two i n f l u e n t  s t reams  
accounted f o r  on ly  6-7% of t o t a l  hydro log ic  i n p u t s  dur ing  both 
win te r  and summer 1983 (Table  4 ) .  I n p u t s  from s m a l l e r  s t reams ,  
non-stream r u n o f f ,  and groundwater t h u s  c o n s t i t u t e  t h e  bulk of 
t h e  water  supp ly ,  and groundwater i s  assumed t o  be  t h e  p r i n c i p a l  
c o n t r i b u t o r  of water t o  t h e  l a k e .  
2. Roughly 95% of t h e  Higgins Lake watershed is  f o r e s t e d  
l a n d ,  which t e n d s  t o  r e t a i n  P w e l l  compared t o  o t h e r  l a n d  u s e s  
and c o n t r i b u t e s  43% of t h e  t o t a l  y e a r l y  load ing  of phosphorus t o  
t h e  l a k e .  A g r i c u l t u r e  i n  c o n t r a s t  i s  rare i n  t h e  a r e a  and 
p rov ides  only  0.01% of t h e  t o t a l  phosphorus budget (Reckhow, 
1980).  
3 .  Measurements of t h e  phosphorus c o n t e n t  of  Big and L i t t l e  
Creeks  d u r i n g  1983 s u g g e s t  t h a t  they  n o t  only  supp ly  a s m a l l  
p o r t i o n  of t h e  l a k e ' s  water each y e a r ,  but  c o n t r i b u t e  a 
r e l a t i v e l y  small p o r t i o n  of t h e  phosphorus which e n t e r s  t h e  l a k e  
from the watershed a s  w e l l  (about  1-2%)(Table 4) .  
4 .  Numerous r e s i d e n t i a l  developments r i n g  t h e  shore ' l i ne .  
R e s i d e n t i a l  l a n d  c o n t r i b u t e s  approximate ly  9% of t h e  t o t a l  
phosphorus budget  t o  Higg ins  Lake, p r i m a r i l y  through lawn 
f e r t i l i z a t i o n ,  i n c r e a s e d  s h o r e l i n e  e r o s i o n  and t h e  removal of 
n a t u r a l  v e g e t a t i o n  which might o t h e r w i s e  i n t e r c e p t  phosphorus 
i n p u t s  . 
Domestic sewage is  handled through e i t h e r  on- s i t e  s e p t i c  
sys tems  o r  sewage l agoons  w i t h i n  t h e  watershed.  Domestic sewage 
c o n t r i b u t i o n s  have been e s t i m a t e d  t o  be approx imate ly  17% of  t h e  
t o t a l  phosphorus budge t ,  a c o n s e r v a t i v e  estimate i n  t h a t  p u b l i c  
f a c i l i t i e s  a r e  n o t  i n c l u d e d  i n  t h e  c a l c u l a t i o n s .  The U.S. E P A  
(1975)  sugges ted  t h a t  as much a s  28% of t h e  phosphorus budget  w a s  
a t t r i b u t a b l e  t o  domest ic  sewage. The combined p o t e n t i a l  f o r  
human i n f l u e n c e  from r i p a r i a n  l a n d  i s  t h u s  judged t o  be  a t  l e a s t  
26%, and may be  c o n s i d e r a b l y  h i g h e r .  
5. Direct p r e c i p i t a t i o n  may be ex t remely  v a r i a b l e  both  i n  
t h e  amounts of water s u p p l i e d  and i n  i ts  n u t r i e n t  c o n t e n t .  
Reckhow h a s  e s t i m a t e d  t h a t  a s  much a s  32% of t h e  t o t a l  phosphorus 
budget  o f  Higgins  Lake (=I253 k g / y r )  may be s u p p l i e d  d i r e c t l y  by 
p r e c i p i t a t i o n  (Reckhow, 1980) .  Based upon P c o n t e n t  measured i n  
r a i n f a l l  i n  t h e  Higgins  Lake a r e a  dur ing  1982 (NADP, 1983) ,  a  
more c o n s e r v a t i v e  e s t i m a t e  o f  496 kg /y r  may be more r e a s o n a b l e ,  
a t  l e a s t  i n  d r i e r  y e a r s .  
Rain gauges were e s t a b l i s h e d  a t  t h r e e  s i t e s  (Alameda Beach, 
Higgins  Lake Shores ,  and L a k e s i d e ) ,  and monitored f o r  d a i l y  
r a i n f a l l  volume d u r i n g  June-July 1983. Mean p r e c i p i t a t i o n  was 
1.04" and 1.24" f o r  June  and J u l y ,  r e s p e c t i v e l y ,  w e l l  below 
expected  summer a v e r a g e s  (Wil l iams & Korks, 1976).  Phosphorus 
i n p u t s  through p r e c i p i t a t i o n  may t h e r e f o r e  have been 
p r o p o r t i o n a l l y  lower than  u s u a l  dur ing  summer 1983.  
6 .  O f  t h e  phosphorus which e n t e r s  Higgins  Lake (=3933 kg /y r ;  
Reckhow, 1980) ,  on ly  a  s m a l l  p o r t i o n  a c t u a l l y  l e a v e s  t h e  l a k e  v i a  
t h e  Cut River .  Roughly 354 k g / y r ,  o r  approx imate ly  9% of t o t a l  
y e a r l y  i n p u t s ,  was e s t i m a t e d  t o  have l e f t  t h e  l a k e  d u r i n g  1983. 
The remainder of t h e  phosphorus s u p p l i e d  t o  t h e  l a k e  i s  
presumably p r e c i p i t a t e d  t o  t h e  sed imen t s ,  e i t h e r  i n  o r g a n i c a l l y  
bound form (e .g . ,  a l g a e ,  zooplankton f e c e s ,  d e t r i t u s )  o r  adsorbed 
t o  i n o r g a n i c  p a r t i c l e s  ( e .g . ,  CaCO ). T h i s  r e s u l t  i s  n o t  
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unexpected ,  p a r t i c u l a r l y  f o r  a  deep l a k e  w i t h  a r e l a t i v e l y  low 
f l u s h i n g  r a t e .  A s  l ong  as t h e  bottom w a t e r s  o f  Higg ins  Lake 
remain w e l l  oxygenated y e a r  round,  most of t h e  phosphorus which 
e n t e r s  t h e  sed imen t s  can  be expected  t o  remain t h e r e ,  and be 
g r a d u a l l y  bur i ed  w i t h  time. However, i f  t h e  l a k e  c o n t i n u e s  t o  
e x p e r i e n c e  i n c r e a s e s  i n  n u t r i e n t  enr ichment  and hypo l imne t i c  
oxygen l e v e l s  a r e  d e p l e t e d  s e a s o n a l l y  t o  very  low v a l u e s  ( e . g . ,  
<1 mg/ l ) ,  t h e  n a t u r e  of  t h e  chemical  bonding of phosphorus t o  t h e  
sed imen t s  can be expected  t o  change,  and t h e  sed imen t s  w i l l  t hen  
become an a d d i t i o n a l ,  s u b s t a n t i a l  c o n t r i b u t o r  t o  y e a r l y  
phosphorus l o a d i n g .  
I n  summary, a l though  t h e  above estimates a r e  s u b j e c t  t o  
c o n s i d e r a b l e  year-to-year v a r i a t i o n ,  s e v e r a l  conc lus ions  of 
importance  t o  phosphorus management a r e  apparen t .  F i r s t ,  
phosphorus from n o n - r e s i d e n t i a l  land e n t e r s  Higgins  Lake l a r g e l y  
a s  groundwater.  More e a s i l y  c o n t r o l l e d  s u r f a c e  s o u r c e s  of 
phosphorus (e .g . ,  i n f l u e n t  s t r e a m s )  a r e  i n s i g n i f i c a n t  i n  t h e i r  
phosphorus c o n t r i b u t i o n s  by comparison. Secondly,  phosphorus 
i n p u t s  v i a  d i r e c t  p r e c i p i t a t i o n ,  which may be  of major importance 
t o  Higg ins  Lake, a r e  imposs ib le  t o  c o n t r o l  u s i n g  watershed 
management methods, b u t  should  be monitored c l o s e l y  i n  t h e  f u t u r e  
u s i n g  i n f o r m a t i o n  s u p p l i e d  by t h e  Na t iona l  Atmospheric Depos i t ion  
Program. F i n a l l y ,  r i p a r i a n  dwel l ings ,  which c o n t r i b u t e  more than  
1 / 4  of t h e  phosphorus budget f o r  Higgins  Lake, c o l l e c t i v e l y  
c o n s t i t u t e  a s o u r c e  of  n u t r i e n t s  over  which some c o n t r o l  may be 
e x e r t e d .  Impacts  of r i p a r i a n  development upon l a k e  water  q u a l i t y  
a r e  a l s o  l i k e l y  t o  be most a p p a r e n t  a long  t h e  l a k e s h o r e ,  and a r e  
cons ide red  i n  t h e  n e x t  S e c t i o n .  
I X .  SOURCES OF NUTRIENTS ALONG THE LAKFSHORE 
Nearshore s o u r c e s  of n u t r i e n t s  most l i k e l y  t o  a f f e c t  Higgins  
Lake i n c l u d e  a )  c o n t r i b u t i o n s  t o  s u r f a c e  runoff  and groundwater 
from r i p a r i a n  l and  from t h e  many a c c e s s  roads  which l e a d  t o  t h e  
l a k e ,  and b) domest ic  sewage from p u b l i c  and p r i v a t e  on-s i t e  
t r e a t m e n t  systems: 
a .  N u t r i e n t  i n p u t s  through s u r f a c e  runof f  from und i s tu rbed  
watersheds  a r e  determined l a r g e l y  by t h e  volume of p r e c i p i t a t i o n ,  
and by t h e  s l o p e  and composi t ion of s o i l s  n e a r  t h e  l a k e s h o r e .  
B l u f f s  a long p o r t i o n s  of t h e  Higgins  Lake s h o r e l i n e  a r e  examples 
of a  watershed f e a t u r e  wi th  h igh  p o t e n t i a l  f o r  n u t r i e n t  i n p u t  
r e g a r d l e s s  of human a c t i v i t y .  Both t h e  n u t r i e n t  c o n t e n t  and t h e  
f low r a t e  of over land runof f  a r e  i n c r e a s e d ,  however, by t h e  
removal of n a t u r a l  r i p a r i a n  v e g e t a t i o n ,  f o r  example by t h e  
numerous p u b l i c  a c c e s s e s  t o  Higgins Lake and p r o p e r t i e s  wi th  
u n i n t e r r u p t e d  views of t h e  wa te r .  The c o n c e n t r a t i o n s  of c e r t a i n  
n u t r i e n t s  a r e  o f t e n  f u r t h e r  i n c r e a s e d  by a c t i v i t i e s  such a s  lawn 
f e r t i l i z a t i o n ,  which t y p i c a l l y  c o n t a i n s  l a r g e  amounts of 
phosphate and ammonia o r  n i t r a t e .  Water from r i p a r i a n  l a n d s  may 
a l s o  p e r c o l a t e  t o  t h e  groundwater,  and e v e n t u a l l y  r e a c h  t h e  l a k e  
i n  t h a t  manner ( H a s l e r ,  1947).  
b. Lakeside  s e p t i c  systems a r e  l i k e l y  t o  be major s o u r c e s  of 
n u t r i e n t s  t o  t h e  Higgins  Lake s h o r e l i n e  ( F i g .  24). Depending on 
s o i l  c o n d i t i o n s ,  groundwater l e v e l  and f low,  s e p t i c  system a g e  
and proximity  of a  system t o  t h e  l a k e ,  and t h e  degree  of u s e ,  a s  
much as 85% of t h e  n i t r o g e n  and 75% of t h e  phosphorus t h a t  e n t e r s  
each s e p t i c  system may e v e n t u a l l y  r e a c h  t h e  l a k e  (NEMCCG, 1979).  
S e p t i c  sys tems l o c a t e d  d i r e c t l y  a d j a c e n t  t o  t h e  l a k e s h o r e  may n o t  
be  t h e  on ly  s o u r c e s  of  sewage i n p u t ,  a s  s e p t i c  d r a i n f i e l d s  
anywhere h i t h i n  t h e  watershed a r e  c a p a b l e  of e n r i c h i n g  
groundwater which may e v e n t u a l l y  r e a c h  t h e  l a k e  ( E l l i s  & C h i l d s ,  
1973) .  S e p t i c  sys tems  may c o n t r i b u t e  a s  much a s  60% of t h e  t o t a l  
n u t r i e n t  l o a d  t o  l a k e s  when su r round ing  s o i l s  a r e  poor and 
d e n s i t i e s  of n e a r s h o r e  d w e l l i n g s  a r e  h igh (Wetzel ,  1983) .  
I n  o r d e r  t o  i d e n t i f y  n u t r i e n t  l o a d i n g  from such s o u r c e s ,  1 8  
s i t e s  a l o n g  t h e  Higgins  Lake s h o r e l i n e  were s e l e c t e d  f o r  t h e  
a n a l y s i s  of  1 )  n u t r i e n t  c o n c e n t r a t i o n s  i n  t h e  water and 2)  a l g a l  
p e r i p h y t o n  accumula t ions  on s u b s t r a t e s  c o l l e c t e d  a t  each s i te .  
Some of t h e  s i t e s  were s e l e c t e d  as r e p r e s e n t a t i v e  of  a r e a s  w i t h  
v a r y i n g  r e s i d e n t i a l  d e n s i t i e s .  Other s i t e s  were p laced  d i r e c t l y  
o u t  from p u b l i c  a c c e s s  r o a d s  w i t h  v a r y i n g  p o t e n t i a l  f o r  e r o s i o n a l  
r u n o f f  based upon t h e i r  s l o p e ,  s u r f a c e  t y p e  and d i s t a n c e  t o  t h e  
s h o r e l i n e  (Tab le  5 ) .  
Per iphy ton  communit ies,  l i k e  t h e  phytoplankton,  c o n s i s t  of a  
d i v e r s e  assemblage of a l g a l  s p e c i e s ,  b u t  a r e  found i n  a s s o c i a t i o n  
w i t h  r o c k s ,  sed imen t s ,  p i l i n g s  o r  o t h e r  s u r f a c e s  i n  n e a r s h o r e  
a r e a s  of l a k e s .  Because of t h e i r  a t t a c h e d  h a b i t  and a b i l i t y  t o  
i n t e g r a t e  shor t - t e rm f l u c t u a t i o n s  i n  n u t r i e n t  s u p p l y ,  pe r iphy ton  
have r e c e i v e d  c o n s i d e r a b l e  a t t e n t i o n  a s  b i o l o g i c a l  i n d i c a t o r s  of 
water  q u a l i t y  n e a r s h o r e  (Eminson, 1978: C o l l i n s  & Weber, 1978) .  
Indeed ,  p o i n t  s o u r c e s  of  l i m i t i n g  n u t r i e n t s  a r e  o f t e n  f i r s t  
d e t e c t e d  by t h e  r i c h  growths of  a l g a e  on nearby s u b s t r a t e s .  One 
a l g a l  s p e c i e s  which dominates t h e  pe r iphy ton  i n  Higgins  Lake was 
g iven  p a r t i c u l a r  c o n s i d e r a t i o n .  Cladophora g l o m e r a t a  is an  
a t t a c h e d  f i l a m e n t o u s  g r e e n  a l g a  which h a s  been used e x t e n s i v e l y  
a s  an  i n d i c a t o r  of n u t r i e n t  load ing  ( N e i l ,  1975) .  
N u t r i e n t s  c r i t i c a l  t o  pe r iphy ton  growth a r e  t h e  same a s  
t h o s e  r e s p o n s i b l e  f o r  phytoplankton p r o d u c t i v i t y :  n i t r a t e  +/or 
ammonia, o r thophospha te ,  s i l i c a ,  and o c c a s i o n a l l y  m i c r o n u t r i e n t s  
o r  carbon (Raschke & Weber, 1970; Goldman, 1972; Cooper & Wilhm, 
1975; C o l l i n s  & Weber, 1978; Wei tze l ,  1979) .  Measures of 
per iphyton biomass and s p e c i e s  composit ion may t h u s  be used t o  
v a l i d a t e  n u t r i e n t  measurements taken c o n c u r r e n t l y  a t  a given 
s i t e .  
METHODS 
A t o t a l  of 72 a r t i f i c i a l  s u b s t r a t e s  were c o n s t r u c t e d  from 3" 
c l a y  f lower  p o t s  a s  shown i n  F i g u r e  25 ( F a i r c h i l d  & Lowe, 1984) .  
Each s u b s t r a t e  was f i l l e d  with l akewate r ,  and f o u r  s u b s t r a t e s  
were t h e n  placed a t  each of 1 8  l o c a t i o n s  around t h e  l a k e  ( F i g .  
23) dur ing  l a t e  May, 1983. Each s u b s t r a t e  w a s  secured  a t  
approximate ly  0.5 m depth  by i n s e r t i n g  i ts  wooden dowel i n t o  t h e  
sandy l a k e  bottom. 
I n  a d d i t i o n  t o  t h e  4 f lower  pot  s u b s t r a t e s ,  4 pre-cleaned 
f l a t - s u r f a c e d  rocks  were p laced  c l o s e r  t o  s h o r e  a t  each s i te ,  a t  
a  dep th  of 0.2 m. Water samples were a l s o  o b t a i n e d  ( a t  0.5  m 
dep th )  a t  each of  t h e  1 8  s i t e s  on May 25, 1983 a t  t h e  t ime  of  
s u b s t r a t e  i n s t a l l a t i o n ,  a g a i n  when the s u b s t r a t e s  were r e t r i e v e d  
on June  22, and a  t h i r d  t ime  ( a t  both  0.2 m and 0.5 rn d e p t h s )  on 
J u l y  22. F i n a l l y ,  one n a t u r a l  s u b s t r a t e  ( u s u a l l y  a  
r e p r e s e n t a t i v e  rock)  was c o l l e c t e d  a t  each s i t e  on J u l y  1 9  f o r  
comparison wi th  t h e  a r t i f i c i a l  ( f lower  po t  and pre-cleaned r o c k )  
s u b s t r a t e s  ( S i l v e r ,  1977) .  
The a r t i f i c i a l  s u b s t r a t e s  were r e t r i e v e d  a f t e r  28 days.  
Known a r e a s  of s u b s t r a t e  s u r f a c e  were c a r e f u l l y  sc raped  i n t o  a  
sample j a r ,  which was t h e n  a d j u s t e d  t o  uniform volume wi th  
f i l t e r e d  l a k e  water. Three  20 m l  subsamples were t h e n  removed 
f o r  t h e  a n a l y s i s  of 1 )  ch lo rophy l l - a  and phaeopigment 
2 
d e n s i t i e s ,  expressed  a s  mg/m of s u b s t r a t e  s u r f a c e  (Holm-Hansen, 
1 9 6 5 ) ,  2 )  Ash-free d r y  weight  (AFDW),  a  measure of  t o t a l  
accumulated o r g a n i c  matter and a l s o  expressed  per  u n i t  s u r f a c e  
a r e a  of  s u b s t r a t e  (APHA, 1 9 7 6 ) ,  and 3 )  a l g a l  pe r iphy ton  s p e c i e s  
d e n s i t i e s  ( S c h u l t z ,  i n  p r e p . ) .  
I n  o r d e r  t o  de te rmine  whether t h e  d a t a  o b t a i n e d  f o r  t h e  1 8  
sampl ing s i tes  were r e p r e s e n t a t i v e  of t h e  l a k e  a s  a  whole,  t h e  
e n t i r e  s h o r e l i n e  w a s  walked dur ing  the f i r s t  week of June ,  1983. 
Obse rva t ions  i n c l u d e d  a )  t o t a l  numbers and l o c a t i o n s  of  
r e s i d e n c e s  w i t h i n  1 0 0  m of  t h e  s h o r e l i n e ,  b)  l o c a t i o n s  of  road 
ends  p r o v i d i n g  p u b l i c  a c c e s s  t o  t h e  l a k e ,  c )  sediment  t y p e s  
n e a r s h o r e ,  d )  p resence  o r  absence  of Cladophora on s o l i d  s u r f a c e s  
n e a r  t h e  w a t e r ' s  edge ,  e )  marl accumula t ions  on r o c k s  and 
sed imen t s ,  and f )  l o c a t i o n s  of i n f l u e n t  s t r e a m s  and d r a i n s .  
These d a t a  a r e  summarized i n  Appendix B,  o rgan ized  as mile-long 
segments of  t h e  s h o r e l i n e .  
RESULTS 
N u t r i e n t  d a t a  from t h e  sampl ing s i t e s  a r e  p r e s e n t e d  i n  Table  
6  and are ana lyzed  i n  t h r e e  ways. F i r s t ,  mean c o n c e n t r a t i o n s  f o r  
a l l  s i t e s  a r e  compared by sampling d a t e  t o  de te rmine  s e a s o n a l  
t r e n d s  i n  n u t r i e n t  i n p u t .  Secondly ,  mean n u t r i e n t  l e v e l s  f o r  a l l  
n e a r s h o r e  s i tes  a t  20 cm d e p t h  a r e  compared t o  v a l u e s  f o r  t h e  
same s i t e s  a t  50 cm depth  f u r t h e r  from s h o r e ,  and wi th  d a t a  from 
t h e  North and South b a s i n s  t o  determine s p a t i a l  d i f f e r e n c e s  i n  
n u t r i e n t  a v a i l a b i l i t y  nea r shore  vs .  o f f s h o r e .  F i n a l l y ,  n u t r i e n t  
c o n c e n t r a t i o n s  a r e  compared by s i t e .  Algal  per iphyton biomass i s  
l i k e w i s e  compared by s i t e  i n  Tab les  7  and 8. 
Seasonal  Trends 2 N u t r i e n t  Supply 
Mean n i t r a t e  c o n c e n t r a t i o n s  were h i g h e s t  dur ing  t h e  f i r s t  
(May) sampling,  a t  184.9 (S .E. 26.9) u g / l .  N i t r a t e  a v a i l a b i l i t y  
subsequen t ly  d e c l i n e d  r a p i d l y  (F ig .  26) .  The June  mean was 62.8 
(S.E. 11.9)  u g / l ,  and t h e  J u l y  means a t  20 cm and 50 c m  were 4.6 
(S.E. 0 .7 )  u g / l  and 4.8 (S.E. 0.9) u g / l ,  r e s p e c t i v e l y .  
Ammonia c o n c e n t r a t i o n s  fo l lowed t h e  same t r e n d .  The h i g h e s t  
mean v a l u e  occur red  dur ing  Play, a t  65.7 (S.E. 8 .4)  u g / l ,  fo l lowed  
by a d e c l i n e  t o  58.1 (S.E. 15.2) ug / l  dur ing  June  and t o  40.1  
(S.E. 7.1) u g / l  and 16.0  (S.E. 4.1) u g / l  a t  20 cm and 50 cm 
dur ing  J u l y .  
I n  c o n t r a s t ,  mean or thophosphate  c o n c e n t r a t i o n s  i n c r e a s e d  
s t e a d i l y  (F ig .  26) ,  from 5.5  (S.E. 0.4) u g / l  d u r i n g  May t o  17.5  
(S.E. 4.1) dur ing  June and f i n a l l y  t o  37.8 (S.E. 12.5) u g / l  and 
25.7 (S.E. 6 .5 )  i n  J u l y  a t  20 cm and 50 cm depth .  
No t r e n d s  i n  s i l i c a  c o n c e n t r a t i o n s  were observed dur ing  t h e  
s tudy .  Mean c o n c e n t r a t i o n s  were 7.3 (S.E. 0 .3)  mg/l dur ing  May, 
6.2 (S.E. 0.2) mg/l dur ing  June,  and 7.9 (S.E. 0 .1)  mg/l and 7.9 
(S.E. 0.1) a t  20 cm and 50 un dur ing  J u l y .  
The d e c l i n e s  i n  both forms of i n o r g a n i c  n i t r o g e n  a r e  
c h a r a c t e r i s t i c  of a l g a l  uptake,  and a r e  expected dur ing  summer. 
The concur ren t  i n c r e a s e s  i n  a v a i l a b l e  phosphorus, however, 
i n d i c a t e  t h a t  phosphorus is  be ing  added t o  n e a r s h o r e  a r e a s  of 
Higg ins  Lake i n  h i g h  enough q u a n t i t i e s  t o  exceed phosphorus 
removal ( e .g . ,  through a l g a l  growth o r  a d s o r p t i o n  t o  i n o r g a n i c  
s u r f a c e s ) .  T h i s  h a s  impor tan t  consequences i n  t h a t  t h e  form of 
n u t r i e n t  l i m i t a t i o n  may be  s h i f t e d  t o  a  n i t r o g e n  requirement  f o r  
pe r iphy ton  n e a r s h o r e  ( s e e  S e c t i o n  X ) .  
Nearshore  5 Offshore  D i f f e r e n c e s  
Evidence of n u t r i e n t  l o a d i n g  from r i p a r i a n  l a n d  i s  a l s o  
provided by a  comparison of mean n u t r i e n t  c o n c e n t r a t i o n s  
n e a r s h o r e  ( a t  both  20 cm and 50 cm d e p t h s  f o r  a l l  1 8  s i t e s )  vs. 
mean c o n c e n t r a t i o n s  o f f s h o r e  ( i n  t h e  e u p h o t i c  zone of t h e  North 
and South b a s i n s )  (Tab le  9) .  
Nitrate c o n c e n t r a t i o n s  a r e  d e p l e t e d  t o  l i m i t i n g  l e v e l s  
n e a r s h o r e  compared t o  c o n c e n t r a t i o n s  o f f s h o r e ,  presumably owing 
t o  a l g a l  uptake .  Ammonia c o n c e n t r a t i o n s  a r e  i n  f a c t  h i g h e r  than  
n i t r a t e  v a l u e s  a t  bo th  20 cm and 50 cm dep th .  I n  c o n t r a s t ,  
phosphate  is most abundant n e a r s h o r e ,  and i s  g r a d u a l l y  
t a k e n  up by phytoplankton/diluted/precipitated i n  deeper  water .  
The more c o n s e r v a t i v e  c h l o r i d e  i o n  shows a s i m i l a r  t r e n d .  S i l i c a  
is  n o t a b l e  by t h e  absence  of n e a r s h o r e  vs .  o f f s h o r e  d i f f e r e n c e s .  
Ruman s o u r c e s  of  n u t r i e n t s ,  which a r e  t y p i c a l l y  h igh i n  
n i t r a t e ,  ammonia, phosphate  and c h l o r i d e ,  but  u s u a l l y  low i n  
s i l i c a ,  may be viewed a s  t h e  most p robab le  c o n t r i b u t o r s  t o  t h e  
n e a r s h o r e  vs .  o f f s h o r e  g r a d i e n t s  observed.  
Comparison of N u t r i e n t s  & Per iphy ton  by S i t e  
P h y s i c a l  f e a t u r e s ,  n u t r i e n t  c o n c e n t r a t i o n s ,  pe r iphy ton  
accumula t ions  and a n c i l l a r y  measurements a r e  summarized h e r e  f o r  
each o f  t h e  18 sites. 
1. S t .  Louis  Avenue: The s i t e  was chosen as a n  example of 
t h e  Southwest p o r t i o n  of t h e  l a k e s h o r e ,  surrounded by high 
r e s i d e n t i a l  d e n s i t i e s .  Heavy Cladophora and marl  accumulat ions  
were a p p a r e n t  i n  t h e  g e n e r a l  a r e a  (Appendix 8 :  Mile 8 2 ) .  
N u t r i e n t  c o n c e n t r a t i o n s  from May-July, however, were similar t o  
t h e  mean f o r  a l l  1 8  s t a t i o n s  (Table  10) and pe r iphy ton  biomass 
was lower than  average.  O v e r a l l  water  q u a l i t y  was r a t e d  a s  
moderate. 
2. Minto P o i n t e  Avenue: A r t i f i c i a l  s u b s t r a t e s  and water  
samples were c o l l e c t e d  d i r e c t l y  o u t  from t h e  p u b l i c  a c c e s s  
provided by t h e  road  end a s  a l o c a t i o n  wi th  h igh  p o t e n t i a l  f o r  
e r o s i o n a l  r u n o f f .  N i t r a t e  v a l u e s  a t  t h e  s i t e  were indeed 
s l i g h t l y  h igher  than  average  (Tab le  l o ) ,  b u t  o t h e r  n u t r i e n t  
e s t i m a t e s  were moderate. Pe r iphy ton  growth w a s  minimal on 
a r t i f i c i a l  s u b s t r a t e s  c o l l e c t e d ,  and moderate on the n a t u r a l  
s u b s t r a t e  c o l l e c t e d  a t  t h e  s i t e  as w e l l  (Tables  7 , 8 ) .  Heavy 
growths of Cladophora were e v i d e n t  j u s t  South of t h e  a c c e s s ,  in 
a n  a r e a  c h a r a c t e r i z e d  by h i g h  r e s i d e n t i a l  d e n s i t i e s  (Appendix B: 
Mile #3). 
3. Maple Avenue: Efaple Avenue i s  s u b j e c t  t o  h igh e r o s i o n a l  
p o t e n t i a l  because of i ts  c o n s i d e r a b l e  s l o p e  and d i r e c t  a c c e s s  t o  
t h e  l a k e s h o r e  (Table  5) .  Water samples and a r t i f i c i a l  s u b s t r a t e s  
were c o l l e c t e d  d i r e c t l y  o u t  from t h e  road end. Growth of 
Cladophora was on ly  moderate,  perhaps  owing t o  t h e  low summer 
r a i n f a l l .  Per iphyton accumulat ions  on a r t i f i c i a l  s u b s t r a t e s  were 
a l s o  moderate,  a s  were nean n u t r i e n t  c o n c e n t r a t i o n s .  
4 .  Lone P i n e  Avenue: Water and a r t i f i c i a l  s u b s t r a t e  samples 
were c o l l e c t e d  d i r e c t l y  o u t  from t h e  road end,  a t  a  l o c a t i o n  
s e l e c t e d  f o r  i t s  low p o t e n t i a l  f o r  e r o s i o n a l  run-off .  A l l  4  
f lower  p o t  s u b s t r a t e s  a t  t h e  l o c a t i o n  were vanda l i zed ,  but  
pe r iphy ton  growth on p rec leaned  r o c k s  and on n a t u r a l  s u b s t r a t e s  
a t  t h e  l o c a t i o n  was moderate.  Kean c o n c e n t r a t i o n s  of ammonia and 
p a r t i c u l a r l y  phosphate  were unusua l ly  h igh.  Cladophora and marl  
accumula t ions  were moderate (Appendix B: Mile # 4 , 5 ) .  
5. B a t t i n  Marsh Drain:  Water samples and a r t i f i c i a l  
s u b s t r a t e s  were r e t r i e v e d  from a  l o c a t i o n  c l o s e  t o  t h e  B a t t i n  
Drain  o u t f a l l ,  i n  an  a r e a  of obv ious ly  h igh t a n n i n - s t a i n e d  water .  
A s  e x p e c t e d ,  ammonia c o n c e n t r a t i o n s  were h i g h ,  owing t o  t h e  
decomposi t ion of  o r g a n i c a l l y  bound n i t r o g e n  in t roduced  by t h e  
o u t f a l l .  Other  n u t r i e n t  c o n c e n t r a t i o n s  were moderate t o  low. 
Because of  t h e  l a r g e  d i s c h a r g e  of water  t o  t h e  l a k e ,  B a t t i n  Drain 
may n o n e t h e l e s s  be  a  g r e a t e r  source  of  n u t r i e n t s ,  p a r t i c u l a r l y  
d u r i n g  S p r i n g ,  than  is i n d i c a t e d  by t h e  low summer n u t r i e n t  
c o n c e n t r a t i o n s  shown here .  A r t i f i c i a l  f lower  p o t  s u b s t r a t e s  a t  
t h e  s i t e  exper ienced  g r e a t e r  than  average  pe r iphy ton  growth, but  
pe r iphy ton  accumula t ions  n a t u r a l  s u r f a c e s  were l i g h t  t o  moderate. 
6. West Avenue: L i k e  Lone P i n e  Avenue, West Avenue was 
s e l e c t e d  as a road  end w i t h  r e l a t i v e l y  low e r o s i o n a l  p o t e n t i a l .  
Both n i t r a t e  and c h l o r i d e  c o n c e n t r a t i o n s  were h i g h e r  than  
a v e r a g e ,  whereas ammonia and phosphate c o n c e n t r a t i o n s  were 
moderate.  Pe r iphy ton  growth on t h e  f lower  pot  s u b s t r a t e s  was 
low, b u t  accumula t ions  of a l g a e  on n a t u r a l  s u r f a c e s  n e a r e r  s h o r e  
were much h i g h e r  (Tab le  7 ) .  Cladophora was n o t  abundant i n  t h e  
area, perhaps  owing t o  a  g e n e r a l  absence of s o l i d  s u r f a c e s  f o r  
a t t achment  (Appendix B: Mile #8). 
7. Newman Avenue: The road-end a t  Newman Avenue, l i k e  Maple 
Road, h a s  a  r e l a t i v e l y  h i g h  p o t e n t i a l  f o r  n u t r i e n t  r u n o f f .  
Concen t ra t ions  of  n i t r a t e ,  phosphate  and c h l o r i d e  were i n  f a c t  
much h i g h e r  t h a n  a v e r a g e ,  a s  were accumula t ions  of  p e r i p h y t o n  on 
n a t u r a l  s u b s t r a t e s  nea r shore .  Growth of Cladophora (Appendix B: 
Mile #9) was s i m i l a r l y  very  h i g h  a t  and j u s t  South  of Newman 
Avenue. The s i t e  was judged t o  have t h e  p o o r e s t  o v e r a l l  wa te r  
q u a l i t y  of  t h e  1 8  s i t es  s t u d i e d .  
8.  Big Creek: Rates o f  d i s h c a r g e  t o  Higgins  Lake by Big 
Creek,  and n u t r i e n t  c o n c e n t r a t i o n s  of  t h e  s t r eam water have both  
been d e s c r i b e d  a l r e a d y  i n  t h i s  s tudy .  A sampl ing s i t e  w a s  
e s t a b l i s h e d  approx imate ly  30 m d i r e c t l y  o u t  i n t o  t h e  l a k e  from 
t h e  s t r eam t o  measure e f f e c t s  of t h e  s t r eam d i s c h a r g e  i n  t h e  l a k e  
i t s e l f .  Like  B a t t i n  Dra in ,  t h e  wa te r  from Big Creek is  
t a n n i c a l l y  s t a i n e d ,  and ammonia c o n c e n t r a t i o n s  were t h e  h i g h e s t  
of  any of t h e  18 sampl ing sites a s  a  consequence.  Othe r  
n u t r i e n t s  were found a t  low c o n c e n t r a t i o n s ,  however. Pe r iphy ton  
accumula t ions  on both  t y p e s  o f  a r t i f i c i a l  s u b s t r a t e s  were very  
h i g h ,  a s  were pe r iphy ton  d e n s i t i e s  on n a t u r a l  s u r f a c e s  n e a r e r  t h e  
stream in f low.  
9. L i t t l e  Creek: The water  of  L i t t l e  Creek n o t  o n l y  c o n t a i n s  
fewer  n u t r i e n t s  than  t h a t  of  Big Creek,  bu t  d i s c h a r g e  is  a l s o  
c o n s i d e r a b l y  less a s  w e l l  (Tab le  5 ) .  The e f f e c t  of L i t t l e  Creek 
on water q u a l i t y  i n  Higg ins  Lake i s  t h e r e f o r e  much less t h a n  t h a t  
of Big Creek.  Water samples  c o l l e c t e d  approx imate ly  40 m from 
t h e  s t r e a m  i n f l o w  showed lower t h a n  a v e r a g e  n u t r i e n t  l e v e l s  and 
low t o  moderate pe r iphy ton  growth. 
10 .  Stuckey Avenue: Located i n  an  a r e a  a t  t h e  Northwest end 
o f  t h e  l a k e ,  wa te r  q u a l i t y  a t  t h e  Stuckey Avenue s i t e  i s  
r e p r e s e n t a t i v e  of  e f f e c t s  of h i g h  r i p a r i a n  d e n s i t i e s  i n  t h a t  
a r e a .  C o n c e n t r a t i o n s  of  both  n i t r a t e  and c h l o r i d e  were s l i g h t l y  
h i g h e r  t h a n  a v e r a g e ,  b u t  t h e  c o n c e n t r a t i o n s  of o t h e r  n u t r i e n t s ,  
and pe r iphy ton  growth were moderate.  Cladophora was n o t  found i n  
t h e  a r e a  (Appendix B: Mile # l o ) ,  presumably i n  p a r t  because  of 
t h e  un i fo rmly  sandy sed imen t s  and p a u c i t y  of s u i t a b l e  a t t achment  
sites. 
11. Conference Cen te r  Creek: The t i n y  s t r eam which f lows  
i n t o  R i g g i n s  Lake th rough  t h e  Department of  N a t u r a l  Resources  
Conference Cen te r  p r o p e r t y  a p p e a r s  t o  have l i t t l e  e f f e c t  upon 
w a t e r  q u a l i t y  i n  t h e  l a k e .  N u t r i e n t  v a l u e s  were low, and 
p e r i p h y t o n  l e v e l s  low t o  modera te ,  both  on a r t i f i c i a l  and n a t u r a l  
s u r f a c e s  (Tab le  1 0 ,  Appendix B: Mile #12). 
12. Cedar Avenue: The Cedar Avenue s i t e  was chosen a s  an 
a r e a  w i t h  r e l a t i v e l y  few r i p a r i a n  dwel l ings .  N i t r a t e  
c o n c e n t r a t i o n s  were s l i g h t l y  h i g h e r  t h a n  ave rage ,  but  t h e  
c o n c e n t r a t i o n s  of o t h e r  n u t r i e n t s  were g e n e r a l l y  moderate.  
A r t i f j c i a l  f lower  p o t  s u b s t r a t e s  were vanda l i zed  a t  t h e  s i t e ,  but  
p e r i p h y t o n  growth on o t h e r  s u r f a c e s  was moderate.  Accumulations 
of  Cladophora were q u i t e  n o t i c e a b l e  a l l  a long  t h e  s h o r e l i n e  n e a r  
Cedar Avenue, p rov id ing  ev idence  of perhaps  s e a s o n a l l y  h i g h e r  
n u t r i e n t  i n p u t s  n o t  d e t e c t e d  on t h e  t h r e e  wa te r  c o l l e c t i o n  d a t e s  
(Appendix B: Mile #12).  
13. Lansing Avenue: Both t h e  n u t r i e n t  d a t a  and pe r iphy ton  
growth d a t a  i n d i c a t e  minimal e f f e c t s  of  t h e  road end a t  Lansing 
Avenue d u r i n g  Summer 1983. Evidence f o r  s e a s o n a l l y  h igher  
n u t r i e n t  c o n c e n t r a t i o n s  c l o s e r  t o  s h o r e ,  however, is  provided by 
both t h e  growth of Cladophora and accumula t ions  of  marl a long  t h e  
s h o r e l i n e  on both s i d e s  of  t h e  road  end (Appendix B: P i l e  f12). 
14.  Co t t age  Grove Assoc ia t ion :  Access was provided through 
t h e  A s s o c i a t i o n  p r o p e r t y  t o  o b t a i n  water  samples  and p l a c e  
a r t i f i c i a l  s u b s t r a t e s  a t  a  s i t e  approx imate ly  40 n from t h e  
s h o r e l i n e .  The s t e e p  b l u f f  ove r look ing  t h e  l a k e s h o r e  a t  t h e  s i t e  
undoubtedly c o n t r i b u t e s  n u t r i e n t s  through e r o s i o n  and r a p i d  
groundwater f low,  b u t  human e f f e c t s  are presumed t o  be minimal. 
The s i t e  was a l s o  used f o r  a  s e p a r a t e  s t u d y  of t h e  form of a l g a l  
growth l i m i t a t i o n  n e a r s h o r e  ( s e e  S e c t i o n  X ) .  C o n c e n t r a t i o n s  of 
phosphorus,  n i t r o g e n  and c h l o r i d e  were s l i g h t l y  lower  t h a n  
ave rage ,  w h i l e  pe r iphy ton  growth was low t o  moderate.  Both 
Cladophora and marl accumula t ions  were q u i t e  e v i d e n t  n e a r e r  
s h o r e ,  however (Appendix B: Mile #14).  
15. Henry Avenue: The s i t e  a t  Henry Avenue was chosen t o  
r e p r e s e n t  an a r e a  of t h e  s h o r e l i n e  w i t h  h igh  r e s i d e n t i a l  
d e n s i t i e s .  A l l  a r t i f i c i a l  f l o w e r  pot  s u b s t r a t e s  were v a n d a l i z e d  
a t  t h e  s i t e ,  b u t  o t h e r  s u b s t r a t e s  i n d i c a t e d  modera te  t o  h igh  
growth c l o s e  t o  s h o r e  (Appendix B: Mile #14). N u t r i e n t  
c o n c e n t r a t i o n s  d i d  n o t  d i f f e r  g r e a t l y  from a v e r a g e  v a l u e s  f o r  t h e  
1 8  s i t e s .  
16 .  Hi tchcock Avenue: Both because  of i t s  use  a s  a p u b l i c  
a c c e s s  s i t e  and t h e  r e l a t i v e l y  h i g h  d e n s i t y  of a d j a c e n t  r i p a r i a n  
d w e l l i n g s ,  t h e  sampling s i t e  a t  Bi tchcock Avenue was expec ted  t o  
have an h i g h e r  t h a n  a v e r a g e  p o t e n t i a l  f o r  n u t r i e n t  l o a d i n g .  liean 
n i t r a t e  c o n c e n t r a t i o n s  were indeed t h e  h i g h e s t  of  t h e  18 s i t e s ,  
though c o n c e n t r a t i o n s  of  o t h e r  n u t r i e n t s  were moderate.  Although 
a l l  f l o w e r  p o t  s u b s t r a t e s  were v a n d a l i z e d ,  pe r iphy ton  growth on 
o t h e r  s u r f a c e s  was moderate,  and accumula t ions  of  Cladophora were 
minimal (Appendix B: t a l e  #16).  
17 .  Ga l l agher  Avenue: D e s p i t e  r e l a t i v e l y  h igh  r e s i d e n t i a l  
d e n s i t i e s  n e a r  Ga l l agher  Avenue, t h e -  c o n c e n t r a t i o n s  of a l l  
n u t r i e n t s  were s l i g h t l y  below mean v a l u e s  f o r  t h e  18  sites. 
Per iphy ton  biomass was s i m i l a r l y  low, and n e i t h e r  Cladophora nor  
heavy mar l  accumula t ions  were a p p a r e n t  (Appendix B: Vile #17) .  
18 .  Second Avenue: Chosen a s  a  s e c t i o n  of l a k e s h o r e  wi th  
lower d e n s i t i e s  of  su r round ing  houses ,  Second Avenue showed 
approx imate ly  a v e r a g e  n u t r i e n t  c o n c e n t r a t i o n s  and minimal 
p e r i p h y t o n  growth on a r t i f i c i a l  s u b s t r a t e s  p laced  a t  t h e  s i te .  
Heavy accumula t ions  of both  mar l  and Cladophora were e v i d e n t  
c l o s e r  t o  s h o r e ,  however (Appendix B: P i l e  #19).  
Of t h e  n u t r i e n t s  summarized i n  Tab le  10, t h e  h i g h l y  
"conse rva t ive"  i o n  c h l o r i d e  (which e x p e r i e n c e s  l i t t l e  b i o l o g i c a l  
u p t a k e )  showed t h e  l e a s t  v a r i a t i o n  between s i t e s  ( C o e f f i c i e n t  of 
V a r i a t i o n  = 16.7%).  High c h l o r i d e  l e v e l s  may i n d i c a t e  r u n o f f  
from s a l t e d  r o a d s ,  domest ic  sewage i n p u t s  o r  r a p i d  groundwater 
in f low.  C h l o r i d e  l e v e l s  were h i g h e s t  a t  Newman and Studcey 
Avenues. 
I n  c o n t r a s t ,  o r thophospha te  c o n c e n t r a t i o n s  showed 
c o n s i d e r a b l e  s i t e - t o - s i t e  v a r i a t i o n  ( C o e f f i c i e n t  of V a r i a t i o n  = 
98.4%), i n d i c a t i v e  p r i m a r i l y  of  d i f f e r e n c e s  i n  supply  r a t e s .  
Phosphorus c o n c e n t r a t i o n s  a r e  e s p e c i a l l y  h igh  i n  sewage and 
commercial f e r t i l i z e r s .  H ighes t  phosphorus v a l u e s  were noted  a t  
Lone P i n e  and Newman Avenues. 
Ammonia c o n c e n t r a t i o n s  were h i g h e s t  a t  t h e  two t a n n i c a l l y  
s t a i n e d  s i tes  n e a r  Big Creek and B a t t i n  Drain  a s  a consequence of 
t h e  breakdown of o r g a n i c a l l y  bound n i t r o g e n .  Nitrate, u s u a l l y  
t h e  more abundant form of  i n o r g a n i c  n i t r o g e n  i n  oxygenated w a t e r s  
and c h a r a c t e r i s t i c  of  both  groundwater and s u r f a c e  i n p u t s ,  was 
h i g h e s t  a t  Hitchcock and Newman Avenues. 
O v e r a l l  d i f f e r e n c e s  i n  water  q u a l i t y  between s i t e s  dur ing  
summer 1983 were n o t  ext reme,  and were probably  reduced 
c o n s i d e r a b l y  by t h e  v i r t u a l  absence  of p r e c i p i t a t i o n  d u r i n g  t h e  
s t u d y  ( s e e  S e c t i o n  V I I I ) .  S u r f a c e  r u n o f f  p a r t i c u l a r l y  w a s  
probably  g r e a t l y  reduced.  Our e s t a t e s  of  t h e  e f f e c t s  of  
n e a r s h o r e  s o u r c e s  of n u t r i e n t s  may t h e r e f o r e  be  judged 
c o n s e r v a t i v e  r e l a t i v e  t o  most y e a r s .  
X. N VS. P  LIMITATION - NEARSHORE 
Human s o u r c e s  of  n u t r i e n t s  t o  a  l a k e  a r e  t y p i c a l l y  very  h i g h  
i n  phosphorus (Wetzel  1983) and may t h u s  n o t  only  i n c r e a s e  l a k e  
p r o d u c t i v i t y  by add ing  a  l i m i t i n g  n u t r i e n t ,  but  may a l s o  reduce  
t h e  M:P r a t i o  and s h i f t  the form of n u t r i e n t  l i m i t a t i o n  from 
phosphorous t o  n i t r o g e n .  I n  a  l a r g e  l a k e ,  such  e f f e c t s  a r e  most 
l i k e l y  t o  be observed f i r s t  i n  l i t t o r a l  ( n e a r s h o r e )  a r e a s .  The 
p o s s i b i l i t y  of n i t r o g e n  l i m i t a t i o n  n e a r s h o r e  was t e s t e d  
e x p e r i m e n t a l l y  u s i n g  an  i n  s i t u  n u t r i e n t  s t i m u l a t i o n  b ioassay .  
An a d d i t i o n a l  1 6  f lower  p o t s  s u b s t r a t e s  were f i l l e d  
a c c o r d i n g  t o  t h e  f o l l o w i n g  s p e c i f i c a t i o n s :  4 p o t s  w i t h  l a k e w a t e r ,  
4 p o t s  w i t h  2% a g a r  i 0.05M Na PO , 4  p o t s  w i t h  2% a g a r  + 0,5M 
2  4 
NaNO , and 4  p o t s  w i t h  2% a g a r  + 0.05M Na PO + 0.5M NaNO . 
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These s u b s t r a t e s  were p l a c e d  i n  a  g r i d  on t h e  Nor theas te rn  s h o r e  
of  Higg ins  Lake i n  f r o n t  of  t h e  Co t t age  Grove A s s o c i a t i o n  
p r o p e r t y  d u r i n g  t h e  l a s t  week of May a s  shown i n  F i g u r e  27. The 
n i t r o g e n  and phosphorus con ta ined  i n  t h e  p o t s  s lowly  d i f f u s e d  t o  
t h e i r  o u t e r  s u r f a c e s ,  supplement ing n u t r i e n t  s u p p l i e s  provided by 
t h e  l a k e w a t e r  ( F a i r c h i l d  e t  a l . ,  1984) .  Examination of 
p e r i p h y t o n  growth on s u b s t r a t e s  c o n t a i n i n g  t h e  d i f f e r e n t  n u t r i e n t  
t r e a t m e n t s  t h u s  p e r m i t t e d  t h e  assessment  of  N v s .  P  l i m i t a t i o n  i n  
n e a r s h o r e  waters. Hore s p e c i f i c a l l y ,  a l g a l  growth s t i m u l a t i o n  on 
s u b s t r a t e s  w i t h  added P  would i n d i c a t e  P  l i m i t a t i o n .  Likewise ,  
growth s t i m u l a t i o n  wi th  added N would i n d i c a t e  N l i m i t a t i o n .  
F i n a l l y ,  j o i n t  l i m i t a t i o n  by both n u t r i e n t s  i s  i n d i c a t e d  i f  a l g a l  
growth is enhanced o n l y  by a  combination of t h e  two n u t r i e n t s .  
The s u b s t r a t e s  were c o l l e c t e d  a f t e r  28 d a y s ,  as d e s c r i b e d  
p r e v i o u s l y ,  and ana lyzed  f o r  ch lo rophy l l - a ,  A F D W  and pe r iphy ton  
s p e c i e s  d e n s i t i e s .  
RESULTS 
Mean ch lo rophy l l - a  v a l u e s  f o r  t h e  ( c o n t r o l )  s u b s t r a t e s  
2  
w i t h o u t  added n u t r i e n t s  were 1.1 mg/m of f lower  po t  s u r f a c e  ( F i g  
2 8 a ) ,  a  v a l u e  q u i t e  t y p i c a l  of  much of t h e  l i t t o r a l  zone of 
Higgins  Lake (Table  7 ) .  Chlorophyl l -a  on s u b s t r a t e s  w i t h  added P 
2  
was 1.3 (S.E. 0 .1)  mg/m , a  s l i g h t  bu t  n o t  s i g n i f i c a n t  i n c r e a s e  
over  c o n t r o l  s u b s t r a t e  v a l u e s .  I n  c o n t r a s t ,  n i t r o g e n - r e l e a s i n g  
2  
s u b s t r a t e s  had 36.8 (S. E. 2 .8)  mg/m ch lo rophy l l - a ,  a  s i g n i f i c a n t  
(p<.05) 33-fold i n c r e a s e  i n  a l g a l  biomass over  c o n t r o l  v a l u e s .  
Ana lys i s  of  t o t a l  accumulated o r g a n i c  m a t t e r  a s  AF'DIJ 
r e v e a l e d  similar t r e n d s .  Agzin t h e  c o n t r o l  s u b s t r a t e s  showed t h e  
2  
least o r g a n i c  m a t t e r ,  w i t h  a  mean v a l u e  of  73.9 (S .E. 2.0)  mg/m 
(Fig .  28b).  The e f f e c t  o f  phosphorus a d d i t i o n  yas a g a i n  minimal,  
w h i l e  t h e  mean f o r  n i t r o g e n - r e l e a s i n g  s u b s t r a t e s  was 347.4 (S.E. 
2  
17.7)  mg/m , a roughly  5-fold i c c r e a s e  over  c o n t r o l  l e v e l s .  
R e s u l t s  of  t h e  n u t r i e n t  a d d i t i o n  exper iment  a t  C o t t a g e  Grove 
A s s o c i a t i o n  a r e  t h u s  c o n s i s t e n t  wi th  t h e  changes  i n  t h e  r e l a t i v e  
abundances of n i t r o g e n  vs .  phosphorus observed a t  a l l  1 8  
n e a r s h o r e  s i t e s  i n  showing t h a t  phosphorus c o n c e n t r a t i o n s  become 
s u f f i c i e n t l y  h igh  by mid-summer t o  c a u s e  a  s h i f t  t o  n i t r o g e n  
l i m i t a t i o n .  Continued n i t r o g e n  l i m i t a t i o n  dur ing  summer can have  
s i g n i f i c a n t  consequences i n  i t s  e f f e c t  upon organisms i n  t h e  
l a k e ,  o f t e n  caus ing  e x c e s s i v e  growth of n i t r o g e n  f i x i n g  blue- 
green a lgae ,  f o r  example. The maintenance of low l e v e l s  of 
phosphorus i n  nearshore waters i s  thus  des i r ab l e .  
X I .  RECOMMENDATIONS 
F u r t h e r  Study 
It i s  important  t h a t  Higgins Lake be monitored f r e q u e n t l y  as 
a means of d e t e c t i n g  f u r t h e r  changes i n  water q u a l i t y .  The 
fo l lowing  k i n d s  of measurements a r e  suggested:  
1. The e n t i r e  s h o r e l i n e  of t h e  l a k e  should be walked once 
each summer i n  o rder  t o  a s s e s s  t h e  abundance of Cladophora and 
i d e n t i f y  areas of p o t e n t i a l  n u t r i e n t  load ing .  Both t h e  t iming  
and form of d a t a  c o l l e c t i o n  should be s t andard ized .  
2.  Bas ic  l i m n o l o g i c a l  d a t a  should be c o l l e c t e d  once each 
summer and w i n t e r ,  a t  4 m i n t e r v a l s  i n  both t h e  North and South 
bas ins .  Recommended measurements a r e  t empera tu re ,  d i s s o l v e d  
oxygen and Secchi  depth.  
3. A more complete l i m n o l o g i c a l  survey,  s i m i l a r  t o  t h e  
p r e s e n t  s t u d y ,  i s  recommended roughly every  5-10 y e a r s .  Such a 
s tudy  should n o t  on ly  i n c l u d e  a l imnolog ica l  d e s c r i p t i o n  of t h e  
l a k e  i t s e l f ,  but  a l s o  i n c l u d e  t h e  assessment  of changes i n  l and  
use  w i t h i n  t h e  Higgins Lake watershed.  
Water Q u a l i t y  Management A l t e r n a t i v e ?  
S e v e r a l  g e n e r a l i z a t i o n s  concerning f u t u r e  water  q u a l i t y  
management appear  warranted on t h e  b a s i s  of p r e s e n t  da ta :  
1. Changes i n  t h e  l a k e  a r e  most e v i d e n t  n e a r s h o r e  and 
a t t r i b u t a b l e  l a r g e l y  t o  ve ry  l o c a l i z e d  n u t r i e n t  sources .  
C o r r e c t i v e  measures of r e l a t i v e l y  low c o s t  might include:  ( a )  a 
ban on t h e  use  of f e r t i l i z e r s  c o n t a i n i n g  phosphorus w i t h i n  100 
yards  of t h e  l a k e s h o r e ,  ( b )  t h e  i n c r e a s e d  u s e  of n a t u r a l  
v e g e t a t i o n  (Greenbe l t s )  between r i p a r i a n  r e s i d e n c e s  and t h e  l a k e  
t o  a b s o r b  n u t r i e n t  i n p u t s  from over land runof f  and reduce 
s h o r e l i n e  e r o s i o n ,  and ( c )  t h e  e l i m i n a t i o n  of p u b l i c  a c c e s s  roads  
w i t h  p a r t i c u l a r l y  h igh  p o t e n t i a l  f o r  e r o s i o n a l  r u n o f f .  
Phosphorus l o a d i n g  from r e s i d e n t i a l  l and  use  i s  e s t i m a t e d  t o  
be approximate ly  9% of t h e  t o t a l  phosphorus budget. Such 
c o r r e c t i v e  measures would t h u s  have rniniinal e f f e c t  upon o v e r a l l  
water  q u a l i t y  i n  t h e  l a k e ,  bu t  should  reduce a l g a l  and macrophyte 
growth nearby a long  t h e  s h o r e l i n e .  
2. On-si te sewage t r e a t m e n t  p r e s e n t l y  c o n t r i b u t e s  
approximate ly  17% (Reckhow, 1980) t o  28% (U.S.EPA, 1975) of t h e  
t o t a l  P budget of Higgins  Lake. A s  s e p t i c  systems age  and 
su r round ing  s o i l s  l o s e  t h e i r  c a p a c i t y  of phosphorus r e t e n t i o n ,  
and a s  new systems a r e  b u i l t ,  c o n t r i b u t i o n s  from domestic sewage 
can be  expected t o  i n c r e a s e .  A l t e r n a t i v e s  t o  p r e s e n t  s e p t i c  
sys tems a r e  expens ive ,  b u t  dese rve  c o n s i d e r a t i o n .  
3. Higg ins  Lake h a s  h i s t o r i c a l l y  been p r o t e c t e d  by its 
small, l a r g e l y  f o r e s t e d  watershed.  Replacement of f o r e s t e d  land 
w i t h  a g r i c u l t u r a l  o r  r e s i d e n t i a l  land can be  expected t o  i n c r e a s e  
phosphorus l o a d i n g  t o  t h e  groundwater,  e v e n t u a l l y  l e a d i n g  t o  
i n c r e a s e d  i n p u t s  t o  t h e  l a k e  i t s e l f .  Popu la t ion  d e n s i t i e s  i n  t h e  
Higgins  Lake a r e a  a r e  expected t o  i n c r e a s e  from p r e s e n t  l e v e l s  of 
about  16 ,000  people  (Wil l iams & Works, 1976) t o  a s  many a s  21,000 
by t h e  t u r n  of t h e  c e n t u r y  ( F i g .  29).  Without c a r e f u l  
c o n s i d e r a t i o n  of ways t o  minimize t h e i r  impact ,  such popu la t ion  
i n c r e a s e s  can be expected t o  l e a d  t o  f u r t h e r  d e t e r i o r a t i o n  of 
wa te r  q u a l i t y  i n  t h e  l a k e .  
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Table 1. Physical Features of Higgins Lake, Michigan 
and i t s  watershed. 
(Lake Morphometry ) 
Maximum Length: 
Breadth.: 
Surface Area (Ao) : 
Shoreline Length ( L ) :  
Lake Volume ( V ) :  
Maximum Depth ( Z m ) :  
Mean Depth ( 2  v/A,) : 
Shoreline Development 
Factor (DL ~ / 2  Ao): 
Volume Development 
Factor (Dv JV/A,. 2,) : 
10.10 km (6.33 m i )  
5.32 km (3.30 m i )  
41.75 km2 (16.10 m i 2 )  
32.99 km (20.49 m i )  
41.5 m (136.2 f t )  
13.5 m ( 4 4 . 3  f t )  
(Watershed Charac te r i s t i cs )  
Watershed Area (A,,): 87.63 krn2 (33.82 m i 2 )  
Length of Watershed 
Perimeter (b) : 57.21 km (35.53 m i )  
Watershed Development 
Factor (DLW IW/2 A,,) : 1.72 
R a t i o  of Lake Area t o  
Watershed Area (A,/A,,) : 1: 2.10 
Flushing Rate : 0.098 yr-l 

Table 3. Summary comparison of water quality parameters 
indicating differences between the North and 
South basins of Higgins Lake, Michigan. 
Parameter North South 
Secchi Depth (m) 
Mean Winter Hypolimnetic 
% saturation ( 5 )  
Mean Summer 0-Phosphate 
( w/1) 
Mean Summer Total 
Phosphorus (ug/l) 
Mean Summer Nitrate 
( u g h  
Mean Summer Total 
Nitrogen (ug/l) 
Table 4. Major inflow and outflow streams of Higgins Lake, 
Michigan and their approximate nutrient loads. 
Stream Str amflow Si02 NO -N 
Name ( m5/dav ) (kn/dav) (kg/& 
Big Creek 
Winter 8.14 X lo3 28.49 4.05 0.07 
Summer 4.85 X lo3 18.08 0.08 0.04 
Little Creek 
Winter 2.55 X lo3 11.18 1.35 0.01 
Summer 4.32 X 10' 3 97 0.06 0.01 
Cut River 
Winter 1.56 X lo5 1249.32 35-34 1.03 
Summer 1.47 X lo5 1109 59 5.23 0.91 
Total Inflow 
Winter 1.07 X lo4 39 67 5.40 0.08 
Summer 5.42 X lo3 22.05 0.14 0.04 
Total Outflow 
Winter 1.56 X lo5 1249.32 35 34 
Summer 1.47 X lo5 1109 . 59 5 23 
Table 5. Metric features of some of the road-ends which 











































































j5 Slope Width (m) 
Table 6. Nearshore nutrient concentrations in Higgins Lake, 
Michigan 
site 5-83 6-83 7-83 (20cm/50cm) 5-7 6-83 7-83 (20crn/50~~) (mdl) (m/l) tmn/l) (ma 1) (ma/r) (mg/l) 
1 6.46 6.16 6,01/5.00 7.33 5.87 8.19/8.03 
Tahle 6. (cont. ) 
NO3-N NH3-N 
S i t e  5-y 6-83 7-83 (20cm/50cm) 
5 - 7  6 - 7  
7-83 (20cm/50cm) 
(UR 1) (ud1) (un/l> (UR 1) (w 1) w/l) 
Table 6. (cont. ) 
Site 
Table 7. Periphyton growth on artificial substrates as 
represented by chlorophyll-a and phaeopigment values 
for the period of May-June,l983 in Higgins Lake, 
Michigan at 18 sites. 
Site Natural Artificial Artificial 
Substr2te Substrats-Pot Substrat?-Rock 
(mdm 1 ( m d m  1 (ma/m > 
Chl-a Phae o Chl-a Phaeo Chl-a Phae o 
1 0.10 0.06 0.29 0.00 -- -- 
2 12.86 3.60 0.18 0.00 -- -- 
3 14.55 1.32 0.62 0.00 -- -- 
4 23.65 ' 18 77 -- -- 3.15 ' 0.38 
5 4.34 0.00 3.52 0.26 -- -- 
6 38-34 3.40 0.58 0.05 -- -- 
7 46.41 5 77 -- -- 4.57 0.55 
8 44.15 27 77 9.96 1.81 30 75 8.11 
9 6.37 0.00 1.12 0.00 4.46 0.32 
10 4.11 1.36 0.25 0.02 -- -- 
11 5.02 8.91 -- -- 3 67 0.00 
12 13.43 7.91 -- -- 2.41 0.00 
13 8.41 1.41 -- -- 1.56 0.16 
14 15-87 2.34 1.12 0.03 -- -- 
15 25.21 12.84 -- -- 5.05 0.00 
16 6.40 0.15 -- -- 5.12 0.00 
17 0 39 0.19 -- -- 2.25 0.00 
18 26.03 5.21 0.79 0.00 2.12 0.00 
Table 8. Periphyton growth on artificial substrates as 
represented by ash-free dry weight values for the 
of May-June, 1983 in Higgins M e ,  Michigan at 18 
sites. 
Site Artificial Artificial 
Table 9. Carparison of nutrient conctmtratiaw very close to 
shore (20 an depth) and further f m  shore (50 an depth) 
on July 22, 1983 with cancentrations in the euphotic - 
zone of the North and South basins on July 19, 1983: x(S.E.1 
20 an: 
50 an: 
N. & S, 
Basins 
Table 10. Mean n u t r i e n t  concentrat ions,  based upon a l l  3 sampling da t e s ,  
f o r  18 nearshore s i t e s ,  Higgins Lake, Michigan. 
S i t e  
Figure 1. A n  outline of the State of lichigan indicating 
the location of Higgins Lake, Michigan. 
SCALE 





0 1.0 mi 
SCALE 
Figure 4. Topographic map of the Higgins Lake, Michigan 
watershed. 
74 
Figure 5.  Drainage patterns within the Higgins Lake, 
Michigan watershed. The arrows indicate the 
direction.of net groundwater flow. 
Grayling -Montcalm 
Grayling -Rubicon Scale 
Montcalm - Graycalm 
Figure 6. Soil associations of the Higgins Lake, Michigan 
watershed. 
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LAND US€ TYPES -w#dl 
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Figure 7. Land use types within the Higgins Lake, Michigan 
watershed. 
A - North Hole Sampling Site 
B - South Hole Sampling Site 
Figure 8. An outline of Higgins Lake, Michigan indicating 
the location of the deepwater sampling stations 
utilized for this study. 
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Light profiles for Higgins Lake, Michigan. 
ures A & C depict Secchi depth and light att 







Figure 9. Light p r o f i l e s  f o r  Higgins W e ,  Michigan. 
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Figure 10. Temperature, dissolved oxygen, and per cent 
saturation depth profiles for Higgins Lake, 
Michigan. 
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Figure 10. ~em~eratire dissolved oxy en, and oer cent 
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Figure  11. H a r  e s s ,  ~ o n d u  t i v i t  s i l i c a  an@ c h l o r i d e  
dep% prof l l l es  Eor ~ i & i n s  ~ a k 6 ,  Mlchlgan. 
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Figure 11. Hardness, conductivity, silica, and chloride 
depth profiles for Higgins Lake, Michigan. 
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Figure 12. pH, alkalini 7f t  q d  free carbon. dioxide depth profiles for lgglns Lake, Mlchlgan. 
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Figure 12, pH, glkal'nit a d  f ee ca bo dioxide depth 
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Figure 13. Armnogia, n i t r a t e ,  and t o t a l  n i t rogen depth 
p r o f l l e s  f o r  Hlggins Lake, Michigan. 
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Figure 13. Ammonia, nitrate, and total nitrogen depth 
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Figure 14. Orthophosphate and total phosphorus depth profiles 
for Hlgglns Lake, Michigan, 
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Figure 14. Orthophosphate and total phosphorus depth profiles 
for Hlgglns Lake, Michigan. 
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Figure 15. Generalized food web and energy- pyramid for 
Higgins Lake, Michigan depicting phytoplankton 
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Zooplankton and phytoplankton depth profiles 
for Higgins Lake, Michigan. 
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Figure 16. Zooplankton and phytoplankton depth profiles 





Figure 17. Ternperawe dissolved oxy en, wd er cent 
saturatlon depth profzles For ~ l ~ ~ i R s  Lake since 1974. 
Figure  A 
Figure  '.+'a- we- 
m e -  
Figu re  C 
1983 
Figu re  18. Ammonia, nit a t e ,  
f o r  Hlggins  f a k e  s%$et?@@. 





Figure 19. Orthophosphate and total phosphorus depth profiles 
for Higgins Lake, Michigan since 1974. 
9 6 
Figure 20. Predicted trophic status of Higgins Lake 
and several other Northern Michigan lakes 
based upon Carlson's index. 
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(Essential Resources) 
Figure 21. Growth isoclines associated with the nutrients 
nitrogen and phosphorus indicating optimal algal 







Figure 22. Total 
light 
Lake, 
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nitrogen to total phosphorus ratio and 
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Figure 23. An outline of Higgins W e ,  Michigan indicating 
the location of the 18 nearshore sampling 
sites utilized for the study. 
INSPECTION 
MANHOLE 
Figure 24. An example of a functioning septic system. 
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A- Rubber Stopper 
B - Clay flower Pot 
C - Plastic Petri Dish 
D - ~ubber Stopper 
E -Wooden Dowel 
Figure 25. Artificial substrates used at 18 sites, i nc lud -  
ing road ends, residential locations, and i n -  
fluent streams. 
MAY JUNE J ULY 
Figure 26. Changes- in nearshore mean phosphate and nitrate 
concentrations during the Summer of 1983 in 
Higgins Lake, Michigan. 
0 - LAKE WATER 
Figure 27. Control grid pot placement utilized for the 
nearshore nutrient limitation study at the 
Cottage Grove Association location. 
Fig. 28. Chlorophyll-a and ash-free dry weight of periphyton 
accumulations on Flower Pot Substrates, Cottage Grove 
105 
Site. 
Figure 29 .  Past and projected population trends for the 
Higgins W e ,  Michigan watershed, 
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APPENDIX A 
Surmary of l?e&hcw's (1980) Phosphorus Rudqet -1 for ~i-s Lake. 
1) The model predicts ambient concentrations of phosphorus 
(P) as ug/l in the lake, based upon the mathematical formulation: 
where qs is water loading (f/yr) 
L is P-loading (gm/m /yr) 
Vs is P settling velocity - 11.6 m/yr 
2) In order to calculate L, it is necessary to obtain estimates 
of areal dimensions of Forested, Agricultural, and Urban land 
within the watershed, and multiply these values by appropriate 
P-loading coefficients, For Higgins Lake these were: 
Land Use Type Area(ha) "Most Likely" Total Yearly 
Export Coeff, 
(ka/ha/vr) 
Agriculture 20 .40 8.0 (0.01%) 
Forest 8354 .20 1671.2 (42.49%) 
Urban 389 90 350.7 (8.89%) 
Phosphorus inputs via precipitation were estimated from rain- 
fall valoume and concentration. Inputs from septic tanks 
assumed a P-loading value of 0.6 kg/capita. An estimated 1447 
residents in houses along the shoreline, expressed on a 
yearly basis, and a soil retention capacity of 25% were used 
in the computations: 
Source Input Calculations Total Yearly 
Precipitation ( .30 kg/ha/yr) (4175 ha) 1253 (32.86%) 
septic Tanks 
TOTAL 3933 (100.00%) 
3) The total phosphorus loading estimate, when divided by lake 
surface asea, resulted in an areal loading estimate (L) of 
0.97 gm/m /yr. This in turn allowed a prediction of 7.8 ug/l 
PO4-P ambient concentration in the water column. 
APPENDIX B 
A SHORELINE SURVEY OF HIGGINS LAKE, MICHIGAN 
The shoreline of Higgins Lake, Michigan was divided into a series 
of one mile segments and surveyed for the following: 
1) Densities and locations of residences along the,shoreline 
2) Type of substrate(s) 
3) Presence and relative abundance of Clado~hora 
4) Presence of marl 
The maps in this appendix may be interpreted using the following 
information: 
1) Densities and locations of residences along the shoreline 
are denoted as dots along the shoreline in the appendix. 
2) Substrate types are denoted by the following symbols: 
Sand 
Gravel (0-5 cm) m.. 
Cobble (5-20 cm) * * * 
Rocks (greater than 20 cm) A A A 
3) Presence and abundance of Cladophora is denoted by the 
following symbols: 
I (slight growth on few rocks) A A A 
I1 (Slight growth on many rocks) 
I11 (Nonfilamentous green bands) 0 0 0 
IV (Filamentous green bands) * * * 
4) The presence of marl is noted in the Comments section 
for each segment. 
Also noted in the Comments section for each sement are studv 
sites utilized, presence and general location Gf surface watkr 
inflows, and the presence of detritus. 
TIII;E NUMBER 1 
1) Much floating dead Cladophora between 
Lincoln and Helen Avenues. 







MILE NUMBER 2 
1) Some floating dead Cladophora between 
St. Louis and Waukegon Avenues. 
2) Heavy marl deposits-between Washington 
and Waukegon Avenues. 
3) Septic tank site - St. Louis Avenue 
MILE NUMBER 3 
1) Intermediate marl deposits throughout 
entire segment, 
2) Road end site - Minto Pt. Road 
MILE NUMBER 4 
1) Heavy marl deposits between Naple Avenue 
and Pt. Detroit. 
2) Road end site - Maple Avenue 
3) Road end site - Lone Pine Avenue 
MILE NUMBER 5 
1) Surface water inflow s i t e  - B a t t i n  Drain 
2 )  Water g r e a t l y  d iscolored  near  B a t t i n  
Drain 
MILE NUMBER 6 
1) Heavy shore l ine  eros ion  from wave a c t i o n  
throughout e n t i r e  segment. 
MIE3 NUMBER 7 
1) Light marl d e p o s i t s  throughout e n t i r e  
segment. 
MICHIGAN * 
MILE NUMBER 8 
1) Light marl deposits throughout entire 
segment. 
2) ~eavy shoreline detritus band between 
Tie and Michigan Avenues. 
3) Road end site-- West Avenue 
PUBLIC FlSHlN 
8 
MILE NUMBER 9 
1) Many heavily wooded lots throughout seg- 
ment. 
2) Heavy shoreline detritus band throughout 
segment. 
3) Intermediate marl deposits throughout 
segment. 
4 )  Road end site - Newman Avenue 
WILSON: 3 
1) Light shore l ine  band of d e t r i t u s  through- 
out  segment. 
2 )  Sep t i c  tank s i t e  - Stuckey Avenue 
3 )  Surface water  i n f l o w  s i t e s  - Big and 
L i t t l e  Creeks 
MILE NUMBER 11 
1) Light detritus band throughout entire 
segment. 
2) Eight surface water outflows located 
along segment. 
MILE NUMBER 12 
1) Intermediate marl deposits throughout 
entire segment. 
2) Light detritus band throughout entire 
segment. 
3) Surface water inflow site - Conference 
Center Creek 
4)  Septic tank site - Cedar Avenue 
5 )  Road end site - Lansing Avenue 
MILE NUMBER 13 
1) Heavy marl deposits throughout entire 
wooded area. 
area has extremely steep grade. 
COTTAGE 
z 
GROVE ASSOCIATION T -4 
OC 
MIU NUMBER 14 
1) Heavy marl deposits throughout entire 
segment. 
2) Control site - Cottage Grove Association 
3) Septic tank site - Hemj Avenue 
MILE NUMBER 15 









1) Large condominium near northwest end of 
segment. 
2) Septic tank site - Gallagher Avenue 
MIIE NUMBER 18 
1) Light detritus barld throughout entire 
segment. 




1) Heavy marl deposits throughout entire 
segment. 
2) Septic tank site - 2nd Avenue 
1) Heavy marl deposits throughout entire 
segment. 
z 




1nL;E NUMBER 21 
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